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ABSTRACT 

Leukemia is a heterogeneous group of hematological malignancies that originate from the bone 

marrow. Leukemias are classified as acute or chronic. Although acute leukemia affects patients of 

all ages, acute lymphoid leukemia is predominant in children and young adults while acute myeloid 

leukemia (AML) is predominant in the elderly. Combination chemotherapy results in complete 

remission in most of the patients; however, relapse occurs within 1-2 years. After relapse, more 

intensive treatment is usually unsuccessful and associated with high toxicity. Chronic myeloid 

leukemia (CML) is characterized by Bcr/Abl fusion tyrosine kinase that renders CML untreatable 

with conventional chemotherapy. Drugs specifically targeting the Bcr/Abl molecule have been 

developed, but acquired resistance in CML cells jeopardizes treatment success. Therefore, it is 

important to investigate new treatment approaches and strategies. Tetracyclines were discovered 

during the 1940’s as antibiotics. Further development resulted in new analogues, some of them 

possessing essential non-antibiotic properties. Tetracycline analogues (TCNAs) were reported to 

inhibit cell growth in different tumor cell lines and cancer models. Their anticancer potency is 

attributed partially to inhibition of matrix metalloproteinases (MMP) and mostly to an apoptosis 

inducing effect. Cyclophosphamide (Cy) is an anticancer drug that is used in the treatment of 

several cancers including leukemia.  

The aim of the present thesis was to study TCNA-induced cytotoxicity and its underlying 

mechanisms in leukemic cell lines and to assess the mechanisms underlying cyclophosphamide 

cytotoxicity in vitro in the leukemic HL60 cell line.      

The anti-leukemic effects of TCNAs doxycycline (Doxy), minocycline (Mino) and chemically 

modified tetracycline-3 (COL-3) were studied in the human leukemic cell lines AML HL60, 

lymphoblastic Jurkat, AML stem cell like KG1a and CML K562. TCNAs reduced the viability of 

leukemic cells in a concentration-dependent manner with decreasing sensitivity (HL60/Jurkat > 

K562 > KG1a). Further studies on molecular mechanisms of TCNAs-induced cell death were 

performed in HL60 and K562 cells. In HL60 cells, all three TCNAs induced apoptosis via 

mitochondria-mediated and caspase-dependent pathways. COL-3 exerted the strongest anti-

proliferative and pro-apoptotic effect. In K562 cells, doxycycline and minocycline induced cell 

death that was dependent on caspase activity as well as mediated by nuclear DNA damage, 

increased lysosomal activity, Bcl-xL deamidation and activation of mitochondrial apoptotic 

pathways. However, COL-3 affected K562 cells by targeting the mitochondria and the nuclear DNA 

in a concentration-dependent manner. COL-3 in concentrations above IC50 induced mitochondrial 

and DNA changes concomitantly, whereas COL-3 at lower concentrations primarily affected the 

mitochondria. The COL-3-induced cell death was independent of caspase activity, Bcl-xL and intact 

p53, but mediated by calpain and apoptosis inducing factor (AIF). Cy in vitro activation in HL60 

cells was catalyzed by CYP2J2 as demonstrated by reduction of Cy metabolism and Cy-induced 

cytotoxicity by telmisartan, a selective inhibitor of CYP2J2 enzyme. The role of CYP2J2 in the Cy 

metabolism was further confirmed by incubation with recombinant CYP2J2 enzymes in vitro. 

Additionally, the CYP2J2 gene is highly expressed in patients with hematological malignancies. 

In conclusion: TCNAs possess anti-leukemic activity and induce cell death stimulated by DNA 

damage. The cell death signals are exchanged between nucleus, mitochondria, lysosomes and ER. 

Caspases, calpain and AIF are core machinery for the cell death execution in this model. CYP2J2 is 

involved in bioactivation of Cy in leukemic cells. Studies on combination treatment with Cy and 

TCNAs are warranted.  
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1 INTRODUCTION 

1.1 LEUKEMIA 

Leukemia is a hematological malignancy that develops as a result of transformation of bone 

marrow and lymph node cells, causing uncontrolled multiplication of malfunctioning 

malignant cells. Leukemia can be divided into myeloid and lymphoid leukemia, depending 

on which cell line is affected. They are further subdivided into acute and chronic leukemia 

based on the stage of malignant cell maturity and clinical course. 

1.1.1 Etiology  

In the majority of cases the etiology of leukemia is unknown. It has been seen in some 

cases that previous chemotherapy treatment, specific chromosomal abnormalities (e.g. 

Fanconi anemia), and previous hematological disorders such as aplastic anemia or 

myelodysplastic syndrome increase the risk of developing leukemia. In some patients, 

exposures to environmental factors such as ionizing radiation or benzene are also reported 

to be involved [1-3].  

1.1.2 Incidence 

Leukemia is the eleventh most common cancer worldwide; about 352,000 (2% of the total 

number of cancers) were diagnosed with leukemia in 2012. It is also the tenth most 

common cause of death worldwide and accounted for 3% of all cancer associated death in 

2012. Leukemia represented 3% of all new cases in the United Kingdom in 2011 and 3.1% 

of new cases in the United States in 2014. The incidence per 100,000 persons was reported 

to be 13.0 and 10.4 in the USA and UK, respectively, during the period 2007-2011 [4, 5].    

1.2 ACUTE MYELOID LEUKEMIA (AML) 

AML is characterized by clonal expansion of blast cells of myeloid lineage in the bone 

marrow, peripheral blood, spleen, other organs and other tissues such as the skin [6]. The 

rapidly proliferating blast cells interfere with normal hematopoiesis and induce AML 

manifestations i.e. anemia, thrombocytopenia, infections and organomegaly.  

1.2.1 Classifications 

Historical background 

Several attempts to classify leukemia have previously been made. Classification is very 

important for establishing a proper diagnosis and disease management. In 1847, Rudolf 

Virchow (1821-1902) was the first to use the term Leukemia (white blood) and to describe 

leukemia as a disease rather than as a symptom of blood suppuration [7]. In 1891, new 

methods for blood staining were introduced, which helped to confirm the granulocytic 

morphology of myeloid leukemia [8].  
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With development of new methods of diagnosis, three systems are currently used for 

classification of leukemia:  

1. French-American-British (FAB) classification, which was developed in 1976 and relies 

on morphological criteria, cytochemical staining and stage of leukemic cell maturation. In 

this system, leukemia is subdivided into eight different subtypes (M0-M7) (Figure 1); AML 

is diagnosed if 30 % of bone marrow cells are identified morphologically as blasts [9, 10].   

2. The European Group for the immunological classification of leukemias (EGIL) which is 

based on immunophenotyping alone. Several antigens are important for AML diagnosis and 

differentiation from other subtypes. Non-lineage antigens (CD34, HLA-DR, TdT), myeloid 

lineage antigens and differentiation markers (CD11b,CD13,CD14, CD15, CD16, 

CD33,CD35, CD36, CD65, CD117 and myeloperoxidase), blasts of erythroid 

(Glycophorin, CD36) or  megakaryocytic (CD41, CD42, CD61) origin [11, 12].    

3. World Health Organization (WHO) classification was developed in 2001 and updated in 

2008. It represents the first worldwide consensus classification; additionally, the basic 

principle of this system is that the classification utilizes not only morphological features but 

also all other information including genetic, immunophenotypic, biological and clinical 

features (Table 1). According to WHO classification, a leukemia diagnosis is based on the 

presence of blasts in 20% of total nucleated bone marrow cells as well as the presence of 

one of these cytogenic abnormalities: t(8;21)(q22;q22), t(16;16)(p13;q22), 

inv(16)(p13;q22), or t(15;17)(q22:q12) regardless of the blast count [13, 14].     

 

Figure 1: FAB classification of leukemia 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from [15] and http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/hematology-

oncology/chronic-leukemias/Default.htm 

  

 

http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/hematology-oncology/chronic-leukemias/Default.htm
http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/hematology-oncology/chronic-leukemias/Default.htm
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Table 1: The World Health Organization classification of AML [13, 16]  

 

AML with recurrent genetic abnormalities 

-t(8;21)(q22;q22); RUNX1-RUNX1T1 

-inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

-t(15;17)(q22;q12);PML-RARA 

-t(9;11)(P22;q3);MLLT3-MLL 

-t(6;9)(p23;q34);DEK-NUP214 

-inv(3)(q1q26.2) or t(3;3)(q21;q26.2);RPN1-EVI1 

-AML with mutated NPM1 

-AML with mutated CEBPA 

AML with myelodysplasia-related changes 

Therapy-related myeloid neoplasms 

AML, not otherwise specified (NOS) 

-AML with minimal differentiation 

-AML without maturation  

-AML with maturation 

-Acute myelomonocytic leukemia 

-Acute monoblastic and monocytic leukemia 

-Acute erythroid leukemia 

-Acute megaloblastic leukemia 

-Acute basophilic leukemia 

-Acute panmyelosis with myelofibrosis  

Myeloid sarcoma 

Myeloid proliferations related to Down syndrome 

Transient abnormal myelopoiesis 

Myeloid leukemia associated with Down syndrome 

Blastic plasmacytoid dendritic cell neoplasm 

1.2.2 Treatment of AML 

Chemotherapy of AML involves drugs that eradicate malignant cells but spare normally 

proliferating cells. The aim of the treatment is complete remission (CR) by restoring the 

normal blood or bone marrow cell count and morphology, as well as normalizing the 

patient’s general condition. CR is defined as less than 5% blasts in bone marrow, absence 

of extramedullary leukemia, independence of red cell transfusion, absolute neutrophil count 

˃1.0 × 10
9
/L and platelet count ˃ 100 × 10

9
/L [17]. Chemotherapy of AML is usually 
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divided into two phases: remission induction (often named as induction) and consolidation 

(post-remission therapy). 

Induction therapy 

The standard induction therapy consists of a combination of an anthracycline with a high 

dose of cytarabine. Forty years ago, daunorubicin was the first anthracycline introduced in 

AML therapy, and it is, together with cytarabine, still the keystone of current AML 

treatment. The commonly used standard regimen is daunorubicin 45 mg/m
2
 IV for 3 days 

and cytarabine infusion 100 or 200 mg/m
2
 for 7 days. With this combination, 60-80% of 

middle aged and 40-60 % of older patients achieved CR [18, 19]. More recently, an 

intensive dose of daunorubicin (between 60 and 90 mg/m
2
) was introduced with good 

tolerability and a CR rate of 70-80% [20]. In Sweden, the “full dose” induction treatment is 

used as curative treatment for all patients under the age of 70 years, 50% of patients 

between 70-80 years and a few patients over 80 years old [21, 22].  

Consolidation therapy  

Consolidation and maintenance treatment is given to maintain CR and prevent relapse. The 

treatment consists of two or four courses of high doses of cytarabine with or without 

anthracycline [23, 24].  

1.2.3 Stem cell transplantation in treatment of leukemia 

Allogenic hematopoietic stem cell translation (SCT) is a potential curative treatment for 

AML, especially in younger patients [25, 26]. Despite intensive therapy and absence of 

detectable blasts at the time of transplantation, relapse post-SCT is a main cause of 

treatment failure. The long-term cure rate of AML is 40-45% for younger patients and less 

than 10% for patients over 60 years of age; moreover, most patients in CR will potentially 

develop recurrence within 1-2 years [27, 28]. 

The SCT process is composed of certain phases that are important for the success of the 

transplantation and the patient’s welfare. The stem cell engraftment success is to some 

extent dependent on the potency of the conditioning regimen applied before transplantation. 

Depending on the intensity of induced bone marrow aplasia, conditioning regimen is 

divided into myeloablative and reduced-intensity. Conditioning regimens consist of total 

body irradiation in combination with cytostatics or chemotherapy alone. The chemotherapy 

is either a combination of cyclophosphamide (Cy) and busulfan or Cy and fludarabine [29, 

30].   

1.2.4 Prognosis of AML 

Several prognostic factors have been identified in patients with AML. These factors might 

be related to the patient’s status, type of AML and/or response to chemotherapy.  

Patient related factors 

Age is an independent factor for poor prognosis [27]. The reason behind this is that older 
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patients commonly suffer from drug resistance, unfavorable cytogenetic and overall poor 

performance status and several comorbidities [31, 32]. In addition, it was reported that poor 

performance, comorbidity and high white blood cells count are associated with treatment 

related mortality [32, 33]. 

Leukemia related factors 

Certain cytogenetic abnormalities, acquired gene mutations, preceding hematological 

diseases, treatment associated leukemia and elevated white blood cell count at diagnosis are 

determinants of leukemia outcome [31, 34].  

Response related factors 

Leukemic cell response to treatment is evaluated in order to predict the long-term clinical 

outcome. The bone marrow blast percentage at day 15 after induction therapy reflects the 

degree of blast clearance with treatment and predicts chemotherapy resistance [35, 36]. The 

patient’s response to induction therapy, i.e. number of induction regimens required to 

achieve CR and high levels of minimal residual disease (MRD) during therapy, is 

associated with high risk of relapse and low patient survival [37-40].  

1.3 CHRONIC MYELOID LEUKEMIA 

Chronic myeloid leukemia (CML) is a pluripotent stem cell disease characterized by 

translocation between the long arms of chromosome 9 and 22 known as Philadelphia (Ph) 

chromosome. The t(9:22) is reported in more than 95% of CML cases and results in 

juxtaposition between the human analogue of v-Abl from ch9 and the housekeeping gene in 

ch22 to produce the fusion Bcr-Abl1 gene which will be translated to the Bcr-Abl1 protein. 

The protein contains part of the nonkinase domain of Bcr (a kinase with nuclear function) 

and a kinase domain of the nonreceptor TK c-Abl. This Bcr-Abl fusion leads to cross-

phosphorylation and continuous activation of the Abl1 kinase domain. The Abl1 kinase 

activates the Ras-Raf-ERK pathway, which increases the Bcl-2 expression and activates the 

phosphatidylinositol 3-kinase (PI3K)-Akt pathway which inhibits the proapoptotic factor 

BAD; moreover, activation of FOXO3A and the signal transducer and activator of 

transcription 5 (STAT5) increase the expression of Bcl-x [41-43], consequently inhibiting 

apoptosis.   
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Table 2: Classification of CML phases [13, 44] 

 WHO European Leukemia Net 

Accelerated phase 

 

  

Blasts in the peripheral blood or bone 

marrow 

 

Blasts plus promyelocytes in peripheral 

blood or bone marrow 

10-19% 

 

15-19% 

 

 

>30% and blasts ˂ 30% 

Basophils in peripheral blood 

 

≥ 20% 

 

≥ 20% 

 

Platelets ˂100х109/L unrelated to treatment 

>1000х109/L uncontrolled on 

treatment 

˂100х109/L  unrelated to 

treatment 

 

Additional chromosomal abnormalities Occurring on treatment Occurring on treatmnet 

White cell count and spleen size Increasing and uncontrolled on 

treatment 

 

Blast crisis   

Blasts in peripheral blood or bone marrow ≥ 20% ≥ 30% 

Blasts proliferation Extramedullary, except spleen Extramedullary, except spleen 

Large Foci of blasts Bone marrow or spleen  

 

1.3.1 Treatment of chronic myeloid leukemia 

In the 19th century, arsenic was the first drug introduced in the treatment of CML. It was 

followed by splenic irradiation, after which the alkylating agent busulfan was used to 

reduce the spleen size. 

Subsequently, it was reported that busulfan treatment was associated with a high incidence 

of mutations and blast crisis, so it was replaced with the ribonucleotide reductase inhibitor, 
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hydroxycarbamide. Both drugs were associated with improved patient condition; however, 

all treated patients remained Ph positive and developed a progressive course of the disease 

within 4-5 years.  

In 1970, an effective treatment strategy using interferon α was used, causing Ph negativity 

and prolonged survival; however, the use of interferon α was associated with severe side 

effects deteriorating the patient’s quality of life. Subsequently, cytarabine was added to the 

regimen, which resulted in an increasing percentage of patients achieving CR and provided 

improved survival advantages [45-47].       

SCT was introduced in the 1970s as a treatment for CML. SCT resulted in cytogenic 

remission in the majority of patients, especially if the transplantation was performed during 

the chronic phase. Transplantation related complications and increased risk of relapse 

restricted the use of SCT in all CML patients. Further improvements of the conditioning 

regimen and transplantation strategies reduced the incidence and severity of graft versus 

host disease. By the 1990s, SCT was the first line of treatment for eligible patients in 

chronic and accelerated phases as well as in acute phases if they achieved a second chronic 

phase before transplantation [48]. The transplantation related complications have restricted 

the use of transplantation and encouraged the physicians to try oral tyrosine kinase 

inhibitors (TKIs). Currently, SCT is used for the CML patients who have been shown to be 

resistant to TKIs [49].  

1.3.1.1 Tyrosine kinase inhibitors and CML treatment 

In 1996, the first Abl1 TKI (also known as signal transduction inhibitor 571 (ST571) or 

imatinib) was reported [50]. Imatinib is an Abl1 kinase inhibitor with a small molecule that 

competes with ATP for the ATP binding site on the Bcr-Abl molecule, consequently 

blocking substrate, and thus activating apoptosis [51]. Further studies proved its efficacy 

and high tolerability. By this time, imatinib had provided a revolution in the management of 

CML [52, 53]. However, a significant proportion of patients (37 % in one study) showed 

resistance to imatinib therapy. Resistance can be divided into primary and acquired. Several 

mechanisms of the resistance were identified, such as amplification of the Bcr-Abl1 gene, 

overexpression of the multidrug resistant P-glycoprotein (MDR1), reduced activity of 

transporter OCT1 and (most frequently) point mutations in the Abl1 kinase domain. As a 

consequence of imatinib resistance, the second generation drugs dasatinib, nilotinib and 

bosutinib and the third generation drug ponatib have been developed, and show curative 

effects in a certain proportion of imatinib resistant patients [49, 54].  

1.4 CYCLOPHOSPHAMIDE  

Cyclophosphamide (Cy) is a chemotherapeutic agent characterized by potent cytotoxic and 

immunosuppressive effects. The drug is commonly used in treatment of different types of 

human malignancies and in conditioning regimen prior to SCT [55]. In low doses, Cy is 

used as an immunosuppressive therapy. Cy is a prodrug that is bioactivated in the liver by 

cytochrome P450 (CYP) into active alkylating metabolites; 4-hydroxy cyclophosphamide 

(4-OH-Cy) and aldophosphamide. Cy is classified as a bifunctional alkylating agent that 
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enables attachment of an alkyl group to the guanine base of DNA. Crosslinking of DNA 

inhibits strand separation and this effect may induce mutagenesis, carcinogenesis and cell 

death if the cellular repair mechanisms fail to correct the adducted segments [56]. CYP2B6 

is the primary enzyme involved in Cy bioactivation. Several other CYPs participate in Cy 

metabolism, such as CYP3A4, CYP3A5, CYP2C9 and CYP2C19 [57, 58]. CYP2J2 is 

another member of CYPs (2J subfamily) that is mainly expressed in the extrahepatic tissues 

and contributes to drugs metabolism [59]. Furthermore, CYP2J2 is highly expressed in 

hematological malignancies and enhances tumor cell growth and proliferation [60].  

1.5 COMPLICATIONS OF CHEMOTHERAPY 

The main goal of chemotherapeutic treatment is to induce cell death in the leukemic cells 

while avoiding complications as much as possible. The side effects of cytotoxic drugs are 

major obstacles for treatment success. Elderly patients suffer from more frequent and more 

serious side effects. The most common side effects are nausea, vomiting, bleeding, anemia, 

thrombocytopenia, neutropenia, multiple infections, psychological changes, mental 

disorders and organ failure (commonly affecting liver, lungs, the urinary system and bone 

marrow) [61]. The most serious problems are treatment induced secondary leukemia, 

treatment associated resistance, and relapse shortly after CR. 

1.5.1 Treatment failure and mechanisms of drug resistance 

Despite major developments and improvement of leukemia therapy during the past decade, 

the long term outcome is still unfavorable. Resistance to chemotherapy is a major problem, 

and usually leukemic cells develop cross-resistance to several structurally and 

mechanistically unrelated drugs. This phenomenon is known as multidrug resistance 

(MDR).  

1.5.2 MDR controlling drug efflux from the cells 

MDR is mediated by families of genes encoding efflux transporters (ATP and non-ATP 

dependent transporters), drug uptake transporters, DNA repair proteins, drug metabolizing 

enzymes and inhibitors of cellular response to apoptosis [62, 63]. The ATP binding 

Cassette (ABC) transporters are a family of 49 different types subdivided into seven 

subtypes (ABCA to ABCG), and they are expressed in both malignant and normal cells 

[64]. Three subfamilies involved in drug transportation are the B subfamily (includes P-

glycoprotein), C subfamily (includes MRP-related transporter) and G subfamily (includes 

ABCG2, MXR and ABCP proteins). Some of these transporters are reported to transport 

drugs used in the treatment of AML, such as anthracyclines and vinca alkaloids, while 

others participate in the process of drug conjugation by glutathione, glucuronide or sulphate 

[63, 65]. The ABCB1 (ATP-binding cassette, subfamily B, number 1), also known as 

MDR1/P-glycoprotein, and ABCG2 and MRP1 (multi-resistance protein related) are highly 

expressed in primary and secondary leukemia blast cells and their expression is associated 

with poor prognosis [62, 66, 67]. 
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1.5.3 MDR evokes resistance to apoptosis    

Several reports describe the potential mechanisms by which the leukemic cells evade 

apoptosis:  

 

1. Inactivation or blocking of receptor-mediated cell death by different mechanisms such as 

down-regulation or mutations of the FAS receptor, TRAIL DR5 receptor, or amplification 

of the decoy receptor 3 which exhibits similarity with the TNF extracellular motifs and 

inhibits FAS mediated apoptosis [68]. AML cells express a high level of TRAILR-3 and 

TRAILR-4 (TRAIL decoy receptors), while the TRAIL-resistant HL60 cells show down-

regulation of the TRAILR-1 and TRAILR-2 receptors [69]. Reduction or absence of FADD 

adaptor protein was reported in AML cells and correlated with poor prognosis, resistance to 

receptor mediated apoptosis, and anthracycline- or etoposide-induced cell death [70].  

 

2. Disturbing the balance of the Bcl-2 family proteins either by increasing expression of the 

antiapoptotic members (i.e. Bax, Bak, BID, BAD) or reducing expression of the 

proapoptotic member (i.e. Bcl-2, Bclxl or Mcl-1). AML cells express high levels of Bcl-2, 

Bclxl, BAD and high Bcl-2/BAX ratio, while CML cells express high levels of Mcl-1, Bcl-

2 and low levels of BIM. These disturbed protein levels are correlated with poor disease 

prognosis and treatment resistance [71, 72]. 

 

3. Activation of caspases is important for the execution of apoptosis, rendering the caspases 

vulnerable to mutations as a modality to evade apoptosis. Overexpression of procaspase-2 

and procaspase-3 is reported in AML and is associated with poor prognosis. The initiator 

caspase-8 and -2 levels are reduced in a small proportion of AML patients; however, their 

significance in the disease prognosis is not identified [69, 73].  

1.6 THE REQUIREMENTS FOR NEW ANTICANCER CHEMOTHERAPY 

Despite extensive research and the development of treatment strategies and drug 

combinations, leukemia remains difficult to cure. The five years survival rate is dependent 

on age, and it is higher in younger patients compared to elderly (67% in patients 15-39 

years old as compared to 23% in patients 80-99 years old) [4]. Increased survival rate of 

younger patients when using high doses of chemotherapy is hampered by increased toxicity 

and reduced patient compliance [74]. During the past few decades, and thanks to gene 

sequencing and other mutational analyses, clear and detailed information of genetic 

modifications and molecular features of human cancer are well known. Despite this 

enormous amount of information, it remains difficult to determine the initiator mutation 

among the many genetic changes reported to be found in cancer cells. While a few 

mutations are common features for certain cancer subtypes, each patient’s leukemia has a 

specific complexity of genetic features, and within the same tumor heterogeneous cancer 

cell clones may exist. This genetic complexity and divergent cancer cell clones make it 



 

10 

difficult to develop new diagnostic and targeted drug therapies aiming for personalized 

therapy. There are also examples of clinical research on targeting the suspected initiator 

mutation, but the results are not usually satisfying and the remission period is usually short 

even with drugs proved to be effective. For example, vemurafenib is approved for treating 

melanomas which harbor the V600E mutation (a reported initiator mutation); however, 

after treatment, cancer progression occurs in the majority of patients carrying the V600E 

mutation [75, 76]. This has inspired several researchers to discover new drugs and 

investigate well-known drugs with new potential anticancer capabilities and tolerable or 

limited side effects. 

1.6.1 Antibiotics in cancer treatment 

Some antibiotics have been recognized as antineoplastic drugs and used for the treatment of 

certain types of cancer. For instance, actinomycin and anthracycline were first reported in 

1940 and 1964, respectively, to exert anti-proliferative effects against hematological 

malignancies and solid tumors. Even today, they are used extensively in several treatment 

combinations as first-line chemotherapy in the treatment of a variety of solid and 

hematopoietic tumors [16]. However, similar to other anti-cancer drugs, side effects and 

cellular resistance are major complications of these drugs [77].  

 

1.7 TETRACYCLINE ANTIBIOTICS 

Tetracyclines (TCs) were first discovered in 1947. They were introduced as effective 

antimicrobial agents against different types of pathogens with a broad spectrum. They have 

low toxicity. However, TCs have been reported to possess several non-antibiotic properties 

which might open new fields for expanding their clinical applications [78]. TCs have 

shown a promising antitumor efficacy against different cancer cell lines and tumor models 

[79-85].     

1.7.1 Classifications 

• First generation: these tetracyclines are obtained by biosynthesis and are defined as 

natural compounds. They include: tetracycline, chlortetracycline, oxytetracycline and 

demeclocycline. 

• Second generation: these compounds are partially synthesized and known as semi-

synthetic derivatives. They include: doxycycline, lymecycline, meclocycline, methacycline, 

minocycline, and rolitetracycline. 

• Third generation: they are completely synthesized and considered a new family named 

glycyclines. An example of this group is tigecycline. 

• Chemically modified tetracyclines (CMTs): they are produced by chemical modifications 

in the upper peripheral region of the functional molecule of well-known compounds aiming 

to prohibit the antibiotic properties and their related side effects such as microbial 

resistance, at the same time enhancing other functional properties of the molecule. 
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Examples of these CMTs include 4-Dedimethylamino sancycline (COL-3) or CMT-3 (from 

sancycline methiodide), CMT-1 (from tetracycline), CMT-8 (from doxycycline) and CMT-

5 (from minocycline) [86-89].  

1.7.2 Mechanism of action 

TCs exert several biological properties: 

• Antimicrobial properties  

Tetracyclines exhibit broad spectrum bactericidal effects on different kinds of pathogens. 

Tetracyclines selectively bind to the small subunit (30S) of the bacterial ribosomes (70S) as 

well as the small subunit (28S) of the mitochondrial ribosomes (55S), which interferes with 

the bacterial protein synthesis and mitochondrial biogenesis [90]. This effect on the 

mitochondria has always been seen as a side effect. However, it has recently showed 

promise as a potential therapy for targeting cancer stem cells, which have been shown to be 

absolutely dependent on mitochondrial biogenesis for their independent expansion and 

survival [91].  

• Anti-inflammatory properties 

Tetracyclines exert anti-inflammatory effects including: inhibition of nitric oxide, 

prostaglandin E2 production and inhibition of secretory phospholipase A2 [92-94]. They 

modulate the leucocyte response through inhibition of neutrophil migration, adhesion and 

leukocyte elastase as well as by lymphocyte proliferation [95, 96].  

• Anti-matrix metalloproteinase activities 

Matrix metalloproteinases (MMPs) are family of tissue destructive endopeptidases that 

require Ca
2+

 and Zn
2+

 ions for their function. They are divided, based on their substrates, 

into collagenases, gelatinases, stromelysins and membrane type MMPs. Tetracyclines 

inhibit the proteolytic activity of MMPs by preventing MMP synthesis and/or interfering 

with the enzyme activity through Ca
2+

 and Zn
2+

 chelation [97, 98].    

• Metal chelation and ionophoric properties  

Tetracyclines are powerful chelators for several ions such as Ca
2+

, Mg
2+

, Co
2+

, Mn
2+

, Zn
2+

 

and Fe
3+

 by which tetracyclines can mediate several clinical properties [99]. The more 

lipophilic members of tetracyclines are characterized by an ionophoric property that enables 

them to form lipid soluble complexes with cations such as Ca
2+

 and Mg
2+

, delivering 

cations and drug into the cells. These members are considered bactericidal as they can 

induce membrane damage in both prokaryotic and eukaryotic cells [86, 100, 101].   

• Bone remodeling activities  

CMTs and other tetracyclines inhibit osteoclast collagenase, inhibit bone resorption and 

stimulate new bone formation in patients suffering from osteoporotic or diabetic bone loss. 

This effect is mediated by increasing osteoblast proliferation [102, 103], inducing osteoclast 

apoptosis and inhibition of osteoclastogenesis [104, 105]. In an aggressive prostate cancer 

model, CMTs were reported to inhibit bone metastasis [106].     
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• Anti-angioneogenesis activities  

Angiogenesis is a process of new blood vessel formation that includes endothelial cell 

proliferation, migration, and pericyte recruitment. Angioneogenesis occurs in both benign 

(rosacea) and malignant diseases (solid tumors) and is considered an essential factor for 

tumor growth and metastasis. Doxycycline, minocycline and CMTs inhibit MMP-8 and 

MMP-9 synthesis by the endothelial cells and inhibit endothelial cell migration [107]. 

Tumor cells secrete vascular endothelial growth factor (VEGF) that stimulates 

angioneogenesis and increases microvesicular permeability, which further promotes the 

angiogenesis process itself. AML cells express several subtypes of VEGF that enhance 

tumor cell proliferation and survival and correlate with chemotherapeutic resistance, 

leukemic cell relapse and poor outcome [108]. Doxycycline and minocycline inhibit the 

VEGF-induced permeability and tighten the vascular endothelial cell junctions by 

increasing the expression of total VE-cadherin and reducing its phosphorylation of the 

endothelial cells [109, 110].   

• Anti-tumor effects  

Tetracyclines induce cytostatic and cytotoxic effects in various cancer cell types: prostate, 

breast, colorectal, pancreatic, melanoma, osteosarcoma, ovarian, brain tumor and leukemic 

cell lines [79, 80, 82-85, 87, 111-117]. 

1.7.3 Mechanisms of tetracycline-induced anti-tumor activity 

• Mitochondrial perturbation: in the form of loss of mitochondrial membrane potential, 

cytochrome C (cytC), apoptosis inducing factor (AIF) and endonuclease G (EndoG) 

release, Bcl-xL inhibition and Bax mediated MOMP [79, 82, 85]. 

• Cell death receptor activation [87, 115].  

• Caspase activation [79, 85, 87, 116, 118]. 

• Cell cycle arrest, P53 and p21 expression [82, 116, 118].  

• Ca 
2+

 cellular level modulation and calpain-1 activation [119].  

• Oxidative stress and increased intracellular ROS formation [79, 118]. 

• Necrotic cell death [87, 118]. 

• Autophagic cell death [117]  

• MMP inhibition and prevention of tumor cell metastasis [79, 106]. 

• Control of tumor cell migration by inhibition of angioneogenesis and vascular 

permeability [109, 110, 116, 120].   

1.8 CELL DEATH 

Death and life are connected; a strict balance between cell death, proliferation and 

differentiation should be maintained throughout the life of an individual. Programmed cell 

death (PCD) is involved in many physiological processes starting from the embryonic stage 

(organ development) and continuing throughout life to accomplish certain vital functions 

including replacement of damaged tissues, immune cell clonal selection and elimination of 

abnormal and transformed cells. Disturbance of PCD disrupts the delicate balance between 
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cell proliferation and cell death, as it plays an important role in the development of diseases 

such as cancer and (particularly) leukemia. Therefore, successful treatment of leukemia is 

dependent on the potency of drugs as cell death inducers. 

1.8.1 Classification 

Cell death classification is based on different criteria:  

1. Morphological features characteristic for specific cell death:  apoptosis, autophagy, 

mitotic catastrophe or necrosis. Each type has specific features that discriminate it from 

other types, while necrosis is morphologically identified in a negative way i.e. absence of 

characteristics features of other cell death types.    

2. Activation of specific enzymes such as caspases or calpain-dependent or –independent 

types.     

3. Regulatory functions, i.e. controlled (programmed, physiological) or uncontrolled 

(accidental or pathological) types of cell death.  

4. Activation of the immune response cell death divided into immunogenic and non-

immunogenic types.  

In order to unify the classification and definition of different types of cell death, the 

Nomenclature Committee on Cell Death (NCCD) recommended definitions and criteria for 

evaluation and classification of each cell death type based on morphological, biochemical 

and molecular criteria (Figure 2). 
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Figure 2: Classifications of cell death  

 

 

  

  

  

  

  

  

 

  

 

 

  

  

 

 

The chart’s information is based on the Nomenclature Committee on Cell Death (NCCD) reports, 2009 and 

2012 [121, 122]. 

1.8.2 Apoptosis  

Apoptosis is a highly regulated process triggered by certain stimuli which further activate 

several mediators and direct the cells to commit suicide. Apoptosis is characterized by 

distinct morphological features that include chromatin condensation, nuclear fragmentation 

and reduction of cell volume (pyknosis), as well as biochemical changes such as caspase 

activation, DNA damage, cell membrane flipping and cellular protein modifications which 

facilitate immune response and apoptotic cell elimination [121]. Based on the origin of 

death signals, apoptosis is further divided into extrinsic and intrinsic apoptosis.  

1.8.2.1 Extrinsic apoptosis 

In this type of apoptosis, the cell death signals start at the cell membrane where the death 

ligands FAS/CD95L, TNFα or TRAIL are attached to the death receptor FAS/CD95, 

TNFαR1 and TRAILR 1-2, respectively. These receptors contain protein motifs called 

death domain (DD) and death effector domain (DED) which recruit DD-containing 

molecules like FADD that can attract other DD/DED-containing proteins including pro-

caspase-8 and -10 to mediate DISC formation in the cytoplasm [123]. In some situations, 

apoptosis is triggered by Dependence receptors which trigger death signaling upon 

reduction of their ligand levels [124].  

Extrinsic apoptosis is defined to be caspase-dependent and the signal transduction could be 

propagated through one of the following pathways:   
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1. Ligand + death receptor        Caspase activation (-8, -10)       Effector caspase cascade 

(type I cells). 

2. Ligand + death receptor       Caspase-8 activation      tBid       MOMP       CytC        

Caspase-9       Effector caspases (type II cells).  

3. Trophic signal deprivation       Dependence receptor-mediated apoptotic signals      

Caspase-9 activation (direct or through MOMP)       Effector caspases [122, 124]. 

1.8.2.2 Intrinsic apoptosis 

Intrinsic apoptosis occurs when the stimulus is started intracellularly in the form of DNA 

damage, oxidative stress, cytosolic Ca
2+

 overload or endoplasmic reticulum disruption. 

Intrinsic apoptosis could be operated in a caspase-dependent or –independent manner. 

Despite the diversity of the origin and nature of the initiator stimuli and regardless of the 

caspase involvement, the intrinsic apoptosis signaling cascade is organized in a 

mitochondrial-centered way. Disruption of the mitochondrial outer membrane integrity 

(MOMP) can occur at the outer membrane and is mediated by the pore-forming capabilities 

of the Bcl-2 members Bax or Bak [125] or at the inner membrane due to assembling of a 

megachannel traversing the inner and outer membrane, named a permeability transition 

pore complex (PTPC); this process is known as mitochondrial permeability transition 

(MPT) [126].  

 

Extensive MOMP is the hallmark of intrinsic apoptosis [122]; it contributes to several 

events that lead to inevitable apoptosis:  

1. Disturbance of mitochondrial membrane potential (∆ψm) and reduction of the ATP level 

and ∆ψm-derived activities including ion transportation across the mitochondrial 

membranes.  

2. Release of important mitochondrial mediators including cytC, AIF, ENDOG and the IAP 

inhibitor proteins SMAC/DIABLO and HTRA2. 

3. Inhibition of the respiratory chain with consequent increasing ROS production that 

promotes the apoptotic signals [127].  

Intrinsic apoptosis pathways: 

1. Cellular stressors       MOMP       CytC release       Apoptosome       Caspase-9       

Caspase-3 (i.e. Caspase-dependent)  

2. Cellular stressors       MOMP        SMAC/DIABLO and HTRA2       IAPs inhibition        

Caspases activation  

3. Cellular Stressor        MOMP        AIF, ENDOG      nuclear DNA damage (i.e. caspases-

independent) 

 4. Cellular Stressor        MOMP        HTRA2        protease effects (i.e. caspases-

independent) [128].      
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1.8.3 Regulated necrosis 

Necrosis has always been defined as cell death where the cells lack the morphological 

characteristics of other cell death types (i.e. apoptosis and autophagy). A specific definition 

based on the morphological criteria includes early loss of membrane integrity in association 

with dilation of the cytoplasmic organelles, especially the mitochondria, followed by 

membrane rupture and release of cell contents. For a long time, programmed cell death was 

a synonym for apoptosis, and necrosis was only defined as an unregulated accidental cell 

death type. Owing to several genetic, biochemical and functional evidences and the 

identification of specific inhibitors, necrosis has been redefined as a molecular regulated 

form of cell death [129]. Definition of necrosis as an accidental cell death type is strictly 

used to describe cell death with morphological features of necrosis that is mediated by cruel 

physical or chemical stimulus and cannot be reversed by pharmacological or genetic 

interference [122].  

Regulated necrosis describes different subtypes of cell death including: necroptosis, 

parthanatos, ferroptosis or oxytosis, MPT-dependent necrosis, pyroptosis and pyronecrosis, 

and cell death associated with the release of neutrophil extracellular traps (NETosis or 

ETosis) [130].  

Regulated necrosis pathways 

Necroptosis is the most studied type of programmed necrosis. It is characterized by 

increment in the cytosolic Ca
2+

, increased intracellular ROS, cellular acidification, ATP 

depletion and plasma membrane rupture. Cell death receptor activation (particularly 

TNFR1 and to a lesser extent FAS, TRAILR1 or TRAILR2) is the primary mechanism for 

the necroptosis pathway. Upon stimulation of TNFR, the RIPK1 and RIPK3 are recruited to 

the receptor site where they interact with each other through the phosphorylation process to 

form a microfilament structure called a necrosome. In the necrosome, the RIPK3 

phosphorylates the mixed lineage kinase like protein (MLKL), resulting in the formation of 

a tetratmerized molecule of other MLKL molecules that mediates execution of necroptosis. 

The tetratmerized MLKL molecule is transferred to the cell membrane where it facilitates 

Na
+
 and Ca

2+
 influx through ion channels and interacts with the phosphatidylinositol 

triphosphate forming pores traversing the cell membrane with consequent loss of membrane 

integrity. Necroptosis can be reversed by the RIPK inhibitor necrostatin-1 [130, 131].  

 

Parthanatos is mediated by massive DNA damage which induces PARP-1 hyperactivation 

in an attempt to repair the DNA molecule by facilitating the synthesis of PAR polymers. 

The characteristic features of parthanatos include PARP-1 hyperactivation, PAR 

accumulation, mitochondrial depolarization, nuclear AIF translocation, high molecular 

weight DNA damage, early loss of plasma membrane integrity, absence of cell swelling and 

apoptotic body formation with no absolute requirements for caspase activation. The 

mechanism underlying the pathological features of parthanatos was reported to be 

attributable to the increased cellular levels of PAR which diffuse to the cytoplasm and the 

mitochondria where it mediates AIF release (preceding cytC release) and facilitate AIF 
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nuclear translocation and PARP-1 interaction [132, 133]. 

 

1.9 CONTRIBUTION OF CELLULAR ORGANELLES IN CELL DEATH  

Intracellular derived cell death signals can originate from different cellular organelles. In 

the nucleus, the un-repaired DNA damage can induce apoptosis (i.e. p53 mediated) as well 

as programmed necrosis (i.e. PARP-1 mediated).  

In PCD the mitochondria propagate and control signal transduction and execution phases, 

through facilitating caspase activation. On the other hand, they release important death 

mediators (e.g., AIF and ENDOG) that induce DNA damage independent of caspase 

activation [125]. In addition, death signals can be initiated through the mitochondria; in 

response to perturbation of the mitochondrial environment including hypoxia or respiratory 

chain inhibition, the excessive mitochondrial ROS production induces MPT-dependent cell 

death. In response to viral infection, the viral related proteins are expressed to the 

mitochondria at the mitochondrial ER junction (MAMS) where they activate a 

mitochondria antiviral signaling protein (MAV) which induces Bcl-2 inhibition, caspase-8 

and caspase-3 activation, which in turn leads to caspase-dependent apoptosis [134].  

 

1.9.1 Role of endoplasmic reticulum and Ca2+  

The ER is responsible for translation, folding and various modifications of the proteins as 

well as for their transportation to the Golgi apparatus, where it facilitates protein expression 

on the cell membrane.  

Homeostasis of the ER environment is basically sensed and controlled by three signaling 

proteins that can restore homeostasis or induce cell death. One of these sensors is the IRE1α 

(inositol-requiring protein-1α), which activates signaling pathways that increase the p38 

MAPK expression and activate the transcription factor CHOP that modulates the activity 

and expression of various apoptosis related proteins such as Bcl-2, Bim, Bax and Bak 

controlling the MOMP. IRE1α mediates signal activation of caspase-7, caspase-12 and 

possibly caspase-2. CHOP mediates increased expression of the TRAILR-2 and activates 

the inositol triphosphate receptor (IP3R) transferring excess Ca
2+

 from the ER to the 

mitochondria. Bcl-2 controls ER Ca
2+

 dynamics across the membrane; the activated Bax or 

Bik sequester Bcl-2 causing a further increase in the Ca
2+

 release, with consequent cell 

death activation [135, 136].  

Another stress detector is the ATF6 (activating transcription factor) which encodes the 

expression of several ER chaperones including GRP94 Ca
2+

 binding molecule. 

Overexpression of GRPs is an indicator of ER stress, and their main role is to maintain 

balance and inhibit apoptosis. GRP94 is secreted through the cell membrane and triggers 

the immune response [137].  
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1.9.2 Role of cellular Ca2+ and other ions in cell death 

Ca
2+

 dynamics across the ER membrane organizes a variety of cellular responses and 

signaling pathways. IP3R controls pulsed transmission of Ca
2+

 to the mitochondria at the 

contact sites activating the enzymes that control mitochondrial respiration and ATP 

production. Caspase or calpain-mediated cleavage of IP3R and cytC block the inhibitory 

feedback signals of IP3, provoking sustained ER Ca
2+

 release and mitochondrial Ca
2+

 

uptake. Mitochondrial Ca
2+

 overload facilitates PTP opening and MOMP releasing cytC. It 

also mediates calpain activation and AIF translocation as well as MPT-mediated 

programmed necrosis induction. The elevated cytoplasmic Ca
2+

 levels facilitate PS 

externalization and apoptotic cell clearance [129, 138]. Ca
2+

overload and calpain activity 

disturb the nuclear envelope permeability and increase nucleoplasmic Ca
2+

 concentration 

which increases gene expression of the signal transduction pathways that mediate apoptosis 

response and control several Ca
2+

-dependent enzyme activities such as proteases, 

endonucleases and protein kinases [139]. Caspase dependent cleavage and inactivation of 

Na
+
-K

+
-ATPase and increased Bcl-2 regulated K

+
 efflux reduce the intracellular K

+
 levels, 

which favors caspase activity and is associated with cell shrinkage [140]. 

1.9.3 The Na+/H+ Exchanger-1 and cell death 

Intracellular pH (pHi) is tightly regulated. Minor changes in the cell acid-base status disturb 

the enzymatic function and physiological pathways that control cell growth and fate. The 

control of pHi is a function of cell membrane-associated proteins and one of them is the 

Na+/H+ exchangers (NHE), a family of proteins which includes 9 isoforms (NHE1-NHE9) 

and plays a major role in equilibrating the acid load in most cells. The most important and 

well-studied cancer cell associated isoform is the NHE-1 [141, 142].   

In tumor cells the transmembrane pH gradient is reversed; the pHi is alkaline (7.12-7.65) 

compared to normal cells (6.99-7.20) and the  extracellular pH (pHe) is acidic (6.2-6.9) 

compared to normal tissue (7.3-7.4) [143].This pH gradient is maintained by transferring 

H
+
 outside the cells mediated by the increased activity of the NHE-1. The NHE-1 control 

cancer cell proliferation and tumor growth by controlling pHi, and inhibiting cell 

acidification. Cancer cell metastasis is facilitated by the acidic pHe which promotes 

neoangiogenesis, activates the tumor cell-secreted proteases and subsequent degradation of 

basement membrane and interstitial tissue [144]. Furthermore, the NHE-1 is upregulated 

and/or overexpressed in many tumor cells, and it has been shown to be correlated with 

tumor cell metastasis and aggressiveness. The induction of apoptosis is associated with 

NHE-1 inhibition and, consequently, NHE-1 could be a potential target in anticancer 

therapy [145]. 

1.9.4 Lysosomal apoptotic pathway 

Lysosomal membrane permeability (LMP) and lysosomal enzymes are efficiently involved 

in both initiation and execution of apoptosis as well as activation of the mitochondrial 

response. LMP caused by elevated intracellular ROS levels occurs as a consequence of 

phospholipase A2 activation and phospholipid degradation. In receptor mediated extrinsic 



 

 19 

apoptosis, activated caspase-8 mediates Bax, Bak or Bim oligomerization and insertion into 

the lysosomal membrane and LMP [146, 147]. LMP triggers cytoplasmic release of 

lysosomal hydrolases such as cathepsins and protons. Cathepsins mediate cleavage of 

several substrates and induce caspase-dependent and –independent apoptosis. Lysosomal 

cathepsins activate caspase-3 and caspase-2 and induce MOMP, which is mediated by 

activation cleavage of Bid and degradation of Bcl-2. tBid recruits the Bax and Bak 

molecules to the mitochondrial membrane and induces MOMP [146, 148]. Moreover, the 

translocated cathepsin can directly activate calpains or mediate AIF release and induce 

caspase-independent apoptosis [147, 149].     

It was reported previously that LMP is a determinant of subsequent types of induced cell 

death; a regulated form of cell death (apoptosis or programmed necrosis) occurs with 

moderate LMP while extensive LMP induces necrosis. LMP was reported to occur early in 

a certain type of programmed necrosis (neuronal necrosis) in which the elevated Ca
2+

 levels 

activated calpains that destabilize the lysosomal membrane and release of cathepsins [150]. 

In necroptosis LMP occurs as a consequence of necrosome translocation to the lysosomal 

membrane (along with other sites) which mediates cathepsin translocation and participation 

in the execution phase [146].     
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2 AIMS OF THE THESIS 

 

The overall aim of the thesis was to study the mechanisms underlying cytotoxicity of the 

tetracycline analogues (TCNAs) doxycycline, minocycline and chemically modified 

tetracycline-3 (COL-3) in leukemic cell lines in vitro and to assess mechanisms underlying 

cyclophosphamide cytotoxicity in vitro in the leukemic HL60 cell line.  An increased 

knowledge may help in developing new treatment strategies for leukemia. 

Specific aims of the studies:  

I. To study the cytotoxic effects of tetracycline analogues and cyclophosphamide in 

different types of leukemic cell lines in vitro. 

 

II. To characterize the type and mechanisms of cell death induced by TCNAs in the 

chemotherapy sensitive AML HL60 cell line. 

 

III. To assess mechanisms of cell death induced by TCNAs in the chemotherapy resistant 

CML K562 cell line. 

 

IV. To study how cyclophosphamide is bioactivated in vitro in the AML HL60 cells.      
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3 MATERIALS AND METHODS 

3.1 CHEMICALS AND REAGENTS  

Doxycycline hyclate (Doxy) and minocycline hydrochloride (Mino) were purchased from 

Sigma Aldrich (Stockholm, Sweden), COL-3 was generously provided by CollaGenex 

Pharmaceuticals Inc. (Newtown, PA, USA) and Galderma R&D (Sophia-Antipolis, France).  

Other chemicals and materials were  purchased as follows: bongkrekic acid (BKA), 

propidium iodide (PI), chloroquine diphosphate, vinblastine sulfate, cyclophosphamide (Cy), 

telmisartan, alloxan, Tris base, glycine, NaCl, sodium dodecyl sulfate (SDS), dimethyl 

sulfoxide (DMSO) and 2-mercaptoethanol (2-ME) from Sigma Aldrich (Stockholm, 

Sweden); etoposide from Bristol-Myers Squibb (Bromma, Sweden); resazurin from R&D 

system Inc. (Minneapolis, MN, USA); Z-VAD-FMK from Bachem AG (Bubendorf, 

Switzerland); cOmplete mini protease inhibitors cocktail from Roche AB (Stockholm, 

Sweden); RPMI 1640 media, Dulbecco’s phosphate-buffer saline (PBS) and fetal bovine 

serum (FBS) from Invitrogen AB, (Stockholm, Sweden) and annexin V from BD Bioscience 

(Becton Dickinson, Stockholm, Sweden). The remaining chemicals used in our studies were 

obtained from Merck, Darmstadt, Germany.   

3.2 CELL CULTURES  

The HL-60 and KG1a cell lines were purchased from DSMZ (Braunschweig, Germany), 

Jurkat and K562 cell lines from ATCC (LGC Promochem AB, Borås, Sweden). HL60, Jurkat 

and K562 cells were seeded in a concentration of 2 x 10
5
  in PRMI1640 medium 

supplemented with 10% heat-inactivated FBS (complete medium) at 37ºC in a 95% 

humidified atmosphere containing 5% CO2. KG1a cells were cultured in a concentration of 3 

x 10
5
 cells in PRMI 1640 medium supplemented with 20% heat-inactivated FBS (complete 

medium) at 37ºC in a 95% humidified atmosphere containing 5% CO2. All experiments were 

performed in exponentially growing cells.  

3.3 CELL TREATMENTS  

Stock solutions of Doxy and Mino were prepared in distilled water (dH2O) at a concentration 

of 5 mg/ml and stored at 20°C for no more than 3 months. A solution of Cy at a concentration 

of 25 mg/ml was freshly prepared in dH2O immediately before the experiment. Stock 

solutions of COL-3 and telmisartan were prepared in DMSO in concentrations of 50 mg/ml 

and 50 mM respectively and stored at -20°C. Before the experiment, stock solutions were 

diluted in complete medium. For IC50 determination, cells were treated with Doxy or Mino in 

final concentrations ranging from 0.5 up to 500 µg/ml, or with COL-3 in final concentrations 

in the range of 0.5 - 200 µg/ml for 24 h. Cells were incubated with Cy in final concentrations 

from 0.2 up to 20 mM for 6 to 96 h or with telmisartan in final concentrations from 2.5 to 40 

µM for 48 h. The concentrations and incubation times for other experiments are stated within 

the appropriate text.  
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To evaluate the effect of CYP2J2 inhibition on Cy-induced toxicity, cells were preincubated 

with telmisartan at a final concentration of 10 µM for 2 h then with Cy at a final 

concentration of 9 mM and further incubated for 48 h.  

Cells were incubated with Z-VAD-FMK at a final concentration of 100 µM for 1 h prior to 

treatment with TCNAs to assess the role of caspase activity in cell death induced by TCNAs.  

To evaluate the role of mitochondrial permeability transition pore (PTP) in loss of 

mitochondrial membrane potential (Δψm) induced by TCNAs, cells were pre-treated with 

bongkrekic acid (BKA) at a concentration of 100 µM for 4 h followed by concomitant 

incubation with TCNAs at a concentration of 50 µg/ml and BKA at a concentration of 50 µM 

for 6 h (COL-3) or 48 h (Doxy or Mino).  

Chloroquine diphosphate (CQ) in final concentrations of 25 or 50 µg/ml for 1h was used to 

assess the role of lysosomes in Doxy- or Mino-induced cell death.  

Cells  treated with either etoposide in final concentrations of 6 or 40 µg/ml or vinblastine in 

final concentrations of 10 or 50 µg/ml served as positive controls for cell death. Cells 

incubated with dH2O or DMSO in final concentrations of 0.02% or 0.1% respectively served 

as controls for solvent toxicity. In all studies, cells incubated in complete media were used as 

controls.   

3.4 CELL VIABILITY  

Cell viability was assessed using resazurin assay. Ten thousand cells per well were seeded in 

triplicates on 96 wells plates and incubated with the studied drugs for 24 h (TCNAs), 48 h 

(telmisartan) or 6, 24, 48,72 and 96 h (Cy). Resazurin at a final concentration of 10% was 

added to each well and cells were further incubated for 2 h at 37 ºC. The fluorescent product 

(resorufin) was read at a wave length of 590 nm using FLUOstar Optima (BMG Labtech 

GmbH, Offenburg, Germany). 

3.5 ASSESSMENT OF CELL DEATH  

Cell death was assessed using annexin V and PI staining and flow cytometry. One hundred 

thousand cells were labeled with annexin V and PI in final concentrations of 125 ng/ml and 5 

µg/ml, respectively, in annexin V binding buffer for 15 min at room temperature (RT) in the 

dark. Apoptotic and necrotic cells were analyzed using FACScan flow cytometer and CELL 

Quest software (Becton Dickinson, San Jose, CA, USA) and free Flowing Software version 

2.5.1 (created by Perttu Terho, Cell Imaging Core, Turku Centre for Biotechnology, Finland, 

http://www.flowingsoftware.com/index.php?page=33). Morphological alterations were 

further determined using May-Grünwald-Giemsa staining on cytospun slides. Cells with 

morphological criteria of apoptosis such as condensed chromatin and fragmented nuclei or 

necrosis such as cellular swelling and loss of architecture were counted and expressed as a 

percentage of a minimum of 400 cells counted per slide.  
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3.6 ASSESSMENT OF MITOCHONDRIAL MEMBRANE POTENTIAL (ΔΨM)  

The mitochondrial probe tetramethylrhodamine methyl ester (TMRM) (Molecular Probes, 

Carlsbad, CA, USA) was used to assess the effects of TCNAs on Δψm. The lipophilic 

TMRM probe is accumulated in the mitochondria based on the Δψm. Cells with intact Δψm 

are stained with the TMRM while those with dropped Δψm are negative. Cells were 

incubated with TMRM at a final concentration of 25 nM in PBS for 30 min at 37 °C. Then 

the cells were washed, resuspended in PBS and analyzed using FACScan flow cytometer and 

CELL Quest software and free Flowing Software version 2.5.1.   

 

3.7 PROTEIN ANALYSIS WITH WESTERN BLOTTING  

Total cellular proteins and cellular fractions (cytosolic, pellet and mitochondrial rich or 

nuclear fractions) of proteins were extracted using appropriate lysis buffers (Table 3). 

  

Table 3: Types of lysate buffers used in the studies 

 

Buffer Composition Incubation condition 

and time 

Type of lysate 

Tris-NaCl lysis 

buffer 

50 mM Tris pH 7.4, 150 mM NaCl, 25 

mM EDTA, 1 mM NaF,1X cOmplete 

mini protease inhibitor cocktail, 1 mM 

PMSF and 1% Triton X 100 

Samples were 

incubated on ice for 30 

minutes 

Whole cells lysate 

PARP extraction 

buffer 

62.5 mM Tris pH 6.8, 6 M urea, 2 % 

SDS, 10 % Glycerol and 0.001 % 

bromophenol blue 

Samples were 

incubated for 15 min at 

RT and at 95°C for 

another 5 min 

Whole cells lysate 

containing PARP 

Digitonin cytosolic 

buffer 

5 mM Tris-HCl pH 7.4,  

5 mM succinic acid  

pH 6.3, 10 mM MgCl2.6H2O, 0.5 mM 

EDTA, 147.5 mM KCl,  

5 mM KH2PO4 and 0.005% digitonin 

Samples were 

incubated on ice for 30 

min 

Cytosolic compartment 

of the cells 

NE-PER® Nuclear 

and Cytoplasmic 

Extraction Reagents 

The Reagents were purchased from Pierce, Rockford, IL, USA. 

The pellet samples were lysed according to the manufacturer’s 

instructions. 

Mitochondrial (other 

organelles) and nuclear 

rich compartments 
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Pellet dissolving 

buffer 

1X cOmplete mini protease inhibitor in 

PBS buffer 

No incubation Dissolved cellular pellets 

including nuclear and 

organelles compartments 

Protein concentrations were assessed using Pierce
®
 BCA or Pierce 660 nm

®
 protein assay kits 

(Pierce, Rockford, IL, USA) according the manufacturer’s recommendations. Proteins were 

denatured in Laemmli buffer supplemented with 5% 2-ME at 95 ºC for 5 min. Equal volumes 

of protein samples were separated by gel electrophoresis (SDS-PAGE) and transferred to 

PVDF or nitrocellulose membranes. After blocking, the membranes were incubated with the 

primary antibodies overnight at 4 ºC. The following primary antibodies were used (Table 4).  

Table 4: List of primary antibodies used in the study 

Primary antibody (clone) Species Manufacturer 
Dilution of primary 

antibody 

Dilution of secondary 

antibody 

     

AIF Rabbit BD 1:3000 1:5000 

tAIF   (B-9) Mouse Santa Cruz 1:200 1:2000 

Actin Rabbit Sigma 1:1000 1:2000 

β-Actin (AC-15) Mouse Sigma 1:1000 1:2000 

Bax (D2E11) Rabbit Cell Signal Tech 1:1000 1:2000 

Bcl-x Rabbit BD 1:10000 1:20000 

Bcl-xL (54H6) Rabbit Cell Signal Tech 1:1000 1:2000 

Phosphorylated Bcl-xl 

(pSer62) 
Rabbit Pierce 1:500 1:2000 

Bcr Rabbit Cell Signal Tech 1:1000 1:2000 

Bid Rabbit Cell Signal Tech 1:1000 1:2000 

Caspase-2 (C2) Mouse Cell Signal Tech 1:1000 1:2000 

Caspase-2 (11B4) Rat Alexis-Enzo 1:500 1:2000 

Caspase-3 Rabbit Cell Signal Tech 1:1000 1:2000 

Caspase-8 Rabbit BD 1:5000 1:10000 

Caspase-9 Rabbit Cell Signal Tech 1:1000 1:2000 

Caspase-9 Mouse BD 1:1000 1:2000 

m-Calpain  Rabbit Millipore 1:500 1:2000 

Cytochrome C Mouse BD 1:5000 1:10000 

COX IV (12C4F12) Mouse Mole. probes  1:1000 1:2000 

GAPDH (6C5) Mouse Abcame 1:1000 1:2000 

Grp94 Rabbit Cell Signal Tech 1:1000 1:2000 

γH2AX (20E3) Rabbit Cell Signal Tech 1:500 1:2000 

NHE-1 (2Q2265) Mouse Santa Cruz 1:200 1:2000 

PARP-1 (C-2-10) Mouse Oncogene 1:1000 1:2000 
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Cell Signaling Technology, Danvers, MA, USA (Cell Signal Tech) 

Becton Dickinson, San Jose, CA, USA (BD) 

Sigma, St. Louis, MO, USA  (Sigma) 

Pierce, Rockford, IL, USA (Pierce) 

Oncogene Research Products, Boston, MA, USA (Oncogene) 

Santa Cruz Biotechnology Inc, Dallas, TX, USA (Santa Cruz) 

Alexis-Enzo Life Sciences, Farmingdale, NY, USA (alexis-Enzo) 

Millipore Corporation, Billerica, MA, USA (Millipore) 

Abcam, Cambridge, UK (Abcam) 

Molecular probes, Carlsbad, California, USA (Mole. Probes)  

COX IV: Cytochrome C oxidase complex IV   

 

Following the incubation with primary antibodies, the membranes were washed and 

incubated with secondary antibodies conjugated with peroxidase (Amersham Pharmacia 

Biotech AB, Uppsala Sweden) or IRDye
®
800CW or IRDye

®
680CW (LI-COR, Nebraska, 

USA) for 1h at RT. The proteins were visualized using SuperSignal West Pico 

Chemiluminescent substrate (Pierce) or ODYSSEY imaging system (LI-COR). Actin or 

GAPDH were used as markers for equal protein loading. Specific proteins bands were 

quantified by densitometry using Image J
®
 software and results were expressed as fold 

increment of the control.  

3.8 TRANSMISSION ELECTRON MICROSCOPY (TEM)  

Ultrastructural changes were assessed with TEM. Cells were treated with COL-3 at a 

concentration of 20 µg/ml for 1, 10, 30 min and 1, 3, 6 h or alternatively at a concentration of 

5 µg/ml for 3, 6, 24, 48 and 72 h. Cells treated with etoposide or alloxan in concentrations of 

40 µg/ml or 200 µg/ml, respectively, for 10 min were used as controls since their mechanisms 

of action do not primarily involve mitochondrial changes. Cells incubated with DMSO at a 

final concentration of 0.1% served as a control for solvent toxicity and cells incubated in 

complete medium were used as controls. The Ca
2+

 ionophoric properties of COL-3 as well as 

the involvement of the mitochondrial K
+
 channel activation in COL-3-induced MPT were 

assessed by treating cells with COL-3 at a final concentration of 20 µg/ml in Ca
2+

 and Mg
2+

 

free PBS or in K
+ 

enriched PBS (KPBS) in which the NaCl was replaced with KCl of the 

same molar concentration. At the end of incubation, cells were fixed in 2.5% glutaraldehyde 

in 0.1 M phosphate buffer, pH 7.4 overnight at 4 ºC. After fixation, cells were rinsed in 0.15 

M sodium cacodylate buffer and then postfixed in 2% osmium tetroxide in 0.1 M phosphate 

buffer, pH 7.4 at 4 °C for 2 h. Further, the cells were dehydrated in ethanol followed by 

acetone and embedded in LX-112 (Ladd, Burlington, Vermont, USA). Ultrathin sections 

(approximately 40-50 nm) were cut using a Leica EM UC 6 (Leica, Wien, Austria). Sections 

were stained with uranyl acetate followed by lead citrate and examined in a Tecnai 12 Spirit 

Bio TWIN transmission electron microscope (Fei Company, Eindhoven, The Netherlands) at 

100 kV. Digital images were taken using a Veleta camera (Olympus Soft Imaging Solutions, 

GmbH, Münster, Germany).   
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3.9 INTRACELLULAR REACTIVE OXYGEN SPECIES (ROS) ASSAY  

Intracellular ROS levels were assessed using OxiSelect
TM

 Intracellular ROS assay (green 

fluorescence) Kit (Cell Biolabs, San Diego, CA, USA). Cellular ROS levels were assessed in 

cells treated with Doxy or Mino at a concentration of 50 µg/ml for 30 min, 1, 2, 4, 6, 12, 18, 

24  and  48h or COL-3  at a final concentration of 20 µg/ml for 1,10, 30 min, 1, 3 and 6h after 

the start of incubation. Cells were incubated with 100 µM of 2'-7'-dichlorodihydrofluorescin 

(DCFH-DA) in media for 1 h at 37 °C. Then the cells were washed in PBS and the DCF 

fluorescence intensity was measured at 485/520 nm wavelengths using FLUOstar Optima.  

3.10 IMMUNOCYTOCHEMISTRY  

Cells were treated with COL-3 for 3 h at a concentration of 50 µg/ml. The cytospun cells 

were fixed in 2.5% paraformaldehyde (PFA) in PBS pH 7.4 for 15 min then permeabilized 

with 0.1% Triton X100 for 15 min. The internal peroxidase activity was blocked by Dual 

endogenous enzyme block for 5 min (Dako A/S, Glostrup, Denmark). Other unspecific 

binding were blocked by 1% BSA in PBS for 2 h. Cells were incubated with rabbit anti 

γH2AX (1:150) overnight at 4 °C. Cells were incubated with Polymer/HRP (Dako) for 30 

min at RT. The brown color staining was developed using 3, 3-diaminobenzidinechromgen 

solution for 15 min. The nucleus was stained with hematoxylin (Dako) for 30 sec then rinsed 

with ammonia water (0.08%) for 1 min. Cells treated with etoposide at a  concentration of 40 

µg/ml for 4 h served as a positive control for DNA double strand breaks (DSBs). Cells treated 

with DMSO at a final concentration of 0.1% served as controls for solvent toxicity and cells 

incubated in complete media as controls. 

3.11 COMET ASSAY  

The comet assay (single cell gel electrophoresis) was performed to evaluate the DNA damage 

in terms of strand breaks (SBs) and alkaline labile sites (ALS). To estimate the oxidative 

DNA damage, an additional step of Formamide Pyrimidine DNA Glycosylase (FPG) 

treatment was applied. K562 cells were treated with COL-3 at a concentration of 20 µg/ml for 

10 min, 1, 2 and 4 h. Cells exposed to the photosensitizer Ro19-8022 at a final concentration 

of 1 µM in PBS for 5 min on ice with irradiation by 500-W tungsten halogen lamp were used 

as positive control for oxidative DNA damage. As positive controls for DNA DSBs, cells 

were treated with etoposide at a final concentration of 40 µg/ml for 4 h. Cells treated with 

DMSO at a final concentration of 0.1% were used as controls for solvent toxicity and cells 

incubated in complete media as controls. After exposure, the cells were centrifuged at 210 rcf 

(4 °C, 4 min), and washed in PBS. The cells were mixed with 0.75% low-melting-point 

agarose and spread on microscopic slides. The slides were placed in lysis solution (1% Triton 

X-100, 2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, pH 10) for 60 min and subsequently 

prepared for 30 min FPG treatment by washing in enzyme buffer (0.1 M KCl, 40 mM 

HEPES, 0.5 mM EDTA, 0.2 mg/mL bovine serum albumin, pH 7.8). The slides were placed 

in alkaline solution (0.3 M NaOH, 1 mM EDTA, pH >13) for 40 min prior 30 min of 

electrophoresis (1.15 V/cm, at dark conditions). The slides were neutralized in Tris buffer 

(0.4 M, pH 7.5), washed in Milli-Q water, dried overnight and fixed in methanol for 5 min. 
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Slides were stained with ethidium bromide and examined using a fluorescence microscope 

(Olympus BH-2 with a 20x apochromatic objective, Komet 4.0 software from Kinetic 

Imaging Ltd) to visualize the comets and enable computerized scoring of the % DNA in the 

tail to estimate the level of DNA damage. The level of oxidatively damaged DNA was 

calculated by subtracting the non-FPG treated values from the FPG treated values. 100 cells 

were scored per sample. 

3.12 STATISTICAL ANALYSIS 

Viability of cells treated with TCNAs was expressed as a percentage of the viability of 

untreated controls. The 50% inhibitory concentration (IC50) was calculated as the 

concentration of the drug inducing 50% reduction in cell viability. The data were fitted into a 

nonlinear regression model for normalized response with variable slope using GraphPad 

Prism 6 (GraphPad Software, Inc. La Jolla, CA, USA). Experiments were performed three 

times independently and the results are expressed as a mean ± SD. 
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4 RESULTS 

4.1 CYTOTOXIC EFFECTS OF TETRACYCLINE ANALOGUES IN HUMAN 
LEUKEMIC CELL LINES 

Incubation of the cells with the TCNAs for 24h reduced the viability of all tested myeloid 

cell lines in a concentration-dependent manner (Figure 3). The estimated IC50ies (Table 5) 

revealed that both HL60 and Jurkat cells are more sensitive to the toxicity induced by 

TCNAs than K562 and KG1a cells. The HL60 and K562 cells were further used to study 

the mechanism of cytotoxicity induced by TCNAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The effect of TCNAs on the viability of human leukemic cell lines. The leukemic cell lines were 

incubated with TCNAs in concentrations within the range of 0.5-1000 µg/ml. Cells incubated in complete 

medium served as controls. Cell viability was studied using resazurin fluorescence assay and expressed as 

percent of the control. In all experiments, DMSO final concentration did not exceed 0.2% and showed no 

cytotoxic effects.  Results are expressed as a mean ± SD of at least three independent experiments.  
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Table 5: IC50ies of TCNAs in human leukemic cell lines  
 

 

Doxycycline 

Cell line IC50 (µg/ml) 95% CI (µg/ml) R2 

HL60 9.2 8.8 to 9.7 0.995 

Jurkat 13.8 12.24 to 15.55 0.98 

K562 33.93 28.7 to 40.11 0.88 

KG1a 365.7 236.4 to 565.9 0.78 

 

Minocycline 

Cell line IC50 (µg/ml) 95% CI (µg/ml) R2 

HL60 9.86 8.6 to 11.29 0.97 

Jurkat 24.68 21.48 to 28.35 0.95 

K562 23.44 19.77 to 27.79 0.89 

KG1a 180 116.7 to 280.1 0.799 

 

COL-3 

Cell line IC50 (µg/ml) 95% CI (µg/ml) R2 

HL60 1.3 1.09 to 1.56 0.92 

Jurkat 1.65 1.43 to 1.896 0.92 

K562 10.81 8.019 to 14,57 0,71 

KG1a 31.3 19.3 to 50,8 0.78 

    

CI = confidence interval 

 

4.2 CELL DEATH INDUCED BY TETRACYCLINE ANALOGUES IN HUMAN 
LEUKEMIC CELL LINES 

In HL60 cells, the three studied drugs induced an apoptotic type of cell death, detected as 

annexin V+ cells followed by annexin V+/PI+ cells. Only PI positive cells were detected 

late in the course of treatment. The morphological features of treated cells such as nuclear 

chromatin condensation and presence of apoptotic bodies also corresponded to apoptosis 

(Figure 4A and B).     

In K562 cells, the Doxy- and Mino-induced cell death was associated with an increase of 

annexin V+ as well as annexin V+/PI+  cells at 24 h which became more prominent at 48 h 

after start of incubation. There was no obvious increase in PI+ population compared to the 

control up to 48h after start of incubation. The annexin V + and double + cells on a FSC x 

SSC dotplot migrated towards smaller and transiently more granular cells in a 

concentration- and time-dependent pattern. Morphological features such as chromatin 

condensation and apoptotic bodies, as well as cellular swelling with disturbed architecture, 

were observed, denoting that the type of cell death could not be determined with 

morphological criteria (Figure 4C and D). Treating the cells with Doxy and Mino at a 

concentration of 10 µg/ml or less showed minimal toxicity up to 72 h after the start of 

incubation.  

The COL-3 induced cell death was detected at 6 h after the start of incubation and was 

associated with early increment in the PI+ cells as well as double + cells that became 
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prominent with further incubation with the drug. The fraction of annexin V+ cells was low 

and remained at the same level till the end of incubation. Morphologically, the treated cells 

showed multiple cytoplasmic vacuoles which were prominent with COL-3 at lower 

concentrations. Other morphological features of early apoptosis in the form of reduction of 

cell size and nuclear condensation were also observed. The majority of the early apoptotic 

cells developed features of secondary necrosis by 24 h after incubation start (Figure 4C and 

D). 
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Figure 4: cell death induced by TCNAs. HL60 and K562 cells were incubated with Doxy and Mino in  

concentrations of 5-50 µg/ml until 48h or with COL-3 in concentrations of 0.75 - 5 µg/ml until 24 h (HL60) 

or 2.5 - 50 µg/ml until 72 h (K562). Cells treated with etoposide in final concentrations of 6 or 40 µg/ml were 

used as positive controls for apoptosis, cells incubated in DMSO at a final concentration of 0.2% or less 

served as control for solvent toxicity and cells incubated in complete medium were used as controls. Cells 

were stained with annexin V and PI for 15 min at RT in the dark. The subpopulations are analyzed and 

expressed as percentages of the total acquired events (A and C). The morphological changes were counted as 

a percentage of 400 stained cells per slide (B and D). The results are expressed as mean ±SD of three 

independent experiments. D: doxycycline, M: minocycline and C: COL-3. 

4.3 CASPASE ACTIVATION IN TCNAS-INDUCED CELL DEATH 

Caspase activation was observed following treatment with all three studied TCNAs in 

HL60 and with Doxy and Mino in K562 cells. On the other hand, COL-3 induced cell death 

in a caspase-independent manner in K562 cells. Activation of caspase-2, -3, -7, -8 and -9 

was observed in both cell lines. However, the pattern of caspase cleavage and detected 

fragments differed among the three drugs and between each cell line (Table 6, Figures 5 

and 6). In HL60 cells, caspase-9 was activated at 2 h of incubation with both Doxy and 

COL-3 and at 6 h with Mino followed by caspase-3 activation at 4 h of incubation with 

both Doxy and COL-3 and at 6 h with Mino. Caspase-8 activation was not detected before 

6 h after incubation with COL-3 and 24 h with Doxy and Mino. Caspase-2 activation 

started at 6 h after incubation with Doxy and Mino. In cells incubated with COL-3 

activation of caspase-2 was preceded by caspase-9. This finding denoting that in HL60 cells 

the apoptosis induced by TCNAs is mediated by caspase-9 activation in all three drugs, and 

caspase-3 is the main effector caspase in both Doxy and COL-3. Caspase-7 activation was 

not analyzed at time points earlier than 6 h; however, the pattern of its activation revealed 

the important role of this caspase in Mino induced apoptosis (Table 6 and Figure 5). 

 In K562 cells, activation of caspase-2 occurred earlier than activation of other initiator 

caspases (caspase-8 and -9). Using two different antibodies, the caspase-2 active fragment 

of 12 kDa was detected with Doxy and the intermediate fragment of 32 kDa was detected 

with both drugs at 6 h after incubation start. In the cytosolic fraction of Doxy treated cells 

the active fragment of 18 kDa was detected at 6 and 24 h after treatment start (Figure 6 A 

and B). Caspase-8 activation was detected at 24 h after incubation with Doxy and Mino 

while caspase-9 activation started at 24 h with Doxy and was detected at 48 h with both 

drugs. Caspase-3 was activated at 24 h after incubation with Doxy and at 48 h with both 

drugs (Figure 6C and D). These findings showed that the cell death induced by Doxy and 

Mino is caspase-mediated and initiated by caspase-2 activation.   
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Figure 5: caspase activation mediated by TCNAs in HL60 cells. Cells were incubated with Doxy and Mino 

in final concentrations of 2.5, 10 and 25 µg/ml or COL-3 in final concentrations of 0.75, 1 and 5 µg/ml for 2, 

4, 6 and 24 h. Cells treated with etoposide in a final concentration of 6 µg/ml served as positive control for 

apoptosis, cells incubated with DMSO at a final concentration of 0.2% served as control for solvent toxicity 

and cells incubated in complete medium were used as controls. β-actin was used a control of protein loading. 

D: doxycycline, M: minocycline, C: COL-3, E: etoposide and Crl: control. 
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Figure 6: Caspase activation in TCNAs treated K562 cells. Cells were incubated with Doxy or Mino in 

concentrations of 10, 20 and 50 µg/ml for 6, 24 and 48 h. Cells treated with etoposide in final concentrations 

of 6 or 40 µg/ml served as controls for cell death and cells incubated in complete medium were used as 

controls. Specific protein bands were determined using PAGE and WB. (A) Caspase-2 (C2). (B) Caspase-2 

(11B4). (C) Caspase-2 (11B4) in cytosolic fraction, (D) and (E) other studied caspases. β-actin was used a 

control of protein loading. Crl: control; D: doxycycline; M: minocycline; E: etoposide. 
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Table 6: caspase activation mediated by TCNAs in HL60 cells  

 Doxycycline 25 µg/ml 

 Fragment 2 h 4 h 6 h 24 h 

Caspase-9 37 kDa + + ++ + 

33 kDa + + +++ +++ 

Caspase-2 35 kDa ND ND - - 

25 kDa ND ND + ++++ 

12 kDa - - ND ND 

Caspase-8 23 kDa - - - + 

Caspase-7 32 kDa ND ND + +++ 

20 kDa ND ND ++ ++++ 

Caspase-3 17 kDa - +++ ++ + 

14 kDa - ++ +++ ++++ 

 

 Minocycline 25 µg/ml 

 Fragment 2 h 4 h 6 h 24 h 

Caspase-9 37 kDa - - ++ + 

33 kDa - - +++ + 

Caspase-2 35 kDa ND ND - - 

25 kDa ND ND - +++ 

12 kDa - - ND ND 

Caspase-8 23 kDa - - - ++ 

Caspase-7 32 kDa ND ND ++++ ++++ 

20 kDa ND ND ++++ ++++ 

Caspase-3 17 kDa - - + - 

14 kDa - - +++ ++++ 

 

 COL-3 5 µg/ml 

 Fragment 2 h 4 h 6 h 24 h 

Caspase-9 37 kDa ++ +++ +++ +++ 

33 kDa + ++ - - 

Caspase-2 35 kDa ND ND - - 

25 kDa ND ND + +++ 

12 kDa - ++ ND ND 

Caspase-8 23 kDa - - + ++ 

Caspase-7 20 kDa ND ND +++ ++++ 

Caspase-3 17 kDa - ++ +++ ++ 

14 kDa - + + +++ 
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4.4 THE EFFECT OF TCNAs ON PARP-1  

The PARP-1 apoptotic fragment of 85 kDa was detected in HL60 cells at 6 h after the start 

of treatment with TCNAs. Particularly COL-3 induces PARP-1 cleavage with all used 

concentrations. In K562 cells, the apoptotic fragment was detected at 48 h after incubation 

with Doxy and Mino, while with COL-3 treatment an intact PARP-1 protein was observed 

during the whole incubation period. Furthermore, at 6 h after start of incubation the protein 

expression of PARP-1 was increased in a concentration-dependent manner (Figure 7). The 

increased PARP-1 protein expression was confirmed by the image J
®
 soft software.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: poly (ADP-ribose) polymerase-1 (PARP-1) cleavage mediated by TCNAs. Cells were treated 

with Doxy and Mino in a concentration range of 2.5-50 µg/ml until 48 h or with COL-3 in concentrations of 

0.75 to 5 µg/ml (HL60) or 10, 20 and 50 µg/ml (K562) until 24 h. Cells treated with etoposide in final 

concentrations of 6 or 40 µg/ml served as positive controls for apoptosis. Cells incubated with DMSO in final 

concentrations of 0.2% or less served as controls for solvent toxicity and cells incubated in complete medium 

were used as controls. β-actin was used a control of protein loading. Crl: control, D: doxycycline, M: 

minocycline, C: COL-3 and E: etoposide.  
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4.5 THE EFFECT OF THE PANCASPASE INHIBITOR Z-VAD-FMK ON TCNAS-
INDUCED CYTOTOXICITY 

Pre-treatment with the pancaspase inhibitor Z-VAD-FMK resulted in improved viability of 

HL60 cells treated with TCNAs and effectively reduced the apoptosis induced by TCNAs 

by 76% in Doxy, 69% in Mino, and 50% in COL-3 at 24 h after the start of incubation 

(Figure 8A).  

In K562 cells, pretreatment with Z-VAD-FMK effectively prevented Doxy- and Mino-

induced PARP-1 cleavage and Doxy- and Mino-induced total cell death at 24 and 48 h after 

the start of incubation (Figure 8B). Z-VAD-FMK pretreatment decreased the cells with 

features of apoptosis more than cells with features of necrosis. Moreover, a slight shift in 

cell appearance from apoptosis-like morphology towards cellular swelling was observed. 

Despite of the inconclusive morphological features of cell death, PARP-1 and caspase 

activation together with the Z-VAD-FMK-mediated inhibition of PARP-1 cleavage and 

reduction of cell death confirm the involvement of apoptotic mechanisms in Doxy and 

Mino-induced cell death.  

Pretreatment with Z-VAD-FMK did not prevent COL-3 induced cell death. Moreover, 

concomitant treatment with COL-3 and Z-VAD-FMK increased the fraction of the cells 

with apoptotic bodies and condensed chromatin and increased the COL-3-induced total cell 

death (Figure 8C). Intact PARP-1, absence of caspase activation and the ineffective role of 

Z-VAD-FMK indicated that COL-3-induced cell death is operated by a caspase-

independent mechanism. DMSO and Z-VAD-FMK did not exert cytotoxic effects. 

compared to controls. 
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Figure 8: Pretreatment with pancaspase inhibitor Z-VAD-FMK. HL60 cells (A) and K562 cells (B and C) 

were treated with Z-VAD-FMK for 1 h prior to treatment with TCNAs until 48 h. Total cell death was 

assessed using resazurin viability assay and calculated as 100% - viability %. Cell morphology was assessed 

on cytospun MGG stained slides and a minimum of 400 cells was counted per slide. Results are presented as 

mean ± SD of three independent experiments. The insert in (B) showed WB analysis of PARP-1 protein. β-

actin was used a control of protein loading. D: Doxy 25 (HL60) or 50 (K562) µg/ml; M: Mino 25 (HL60) or 

50 (K562) µg/ml; Z: Z-VAD-FMK100 µM; C: COL-3 50 µg/ml (K562) or 5µg/ml in total cell death 

experiments and 2.5µg/ml apoptosis experiments (HL60). 
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4.6 TCNAs-INDUCED DNA DAMAGE 

TCNAs induced DNA double strand breaks (DSB) as detected by 15 kDa band of γH2AX 

(Figure 9A). In HL60 cells, the DNA damage was detected at 1 h of treatment with Doxy 

and COL-3, and at 2 h with Mino. In K562 cells, DSB were detected as early as 10 min 

after incubation start with COL-3 in concentrations of 20 and 50 µg/ml. The DNA damage 

then increased progressively until 2 h. The nuclear localization of DNA damage was 

confirmed in IHC staining. Moreover, the TEM examination showed peripheral nuclear 

chromatin condensation as early as 1 min after incubation start. Chromatin condensation 

progressed in an incubation-time dependent pattern (Figure 9B). Furthermore, the single 

cell gel electrophoresis (comet assay) showed that the COL-3-induced DNA damage was 

not related to oxidative stress.  
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Figure 9: TCNAs induce DNA damage in leukemic cells. HL60  were incubated with Doxy or Mino at a 

final concentration of 25 µg/ml or with COL-3 at a final concentration of 5 µg/ml. K562 cells were incubated 

with Doxy or Mino at a final concentration of  50 µg/ml or with COL-3 at a final concentration of  20 or 50 

µg/ml for 1, 10 and 30 min or 1, 2, 4 and 6 h, or with COL-3 at a final concentration of 5 µg/ml for 3-72 h. 

Cells incubated in DMSO at a final concentration of 0.2% or 0.1% were used as controls for solvent toxicity 

and cells incubated in complete medium served as controls. Cells incubated with etoposide in final 

concentrations of 6 or 40 µg/ml served as positive controls for DNA damage. (A): TCNAs-induced DNA 

damage was assessed using SDS-PAGE and immunoblotting for the DNA double strand breaks marker 

γH2AX. β-actin was used a control for protein loading. (B): Low magnification analysis of COL-3 treated 

K562 cells in concentrations of 20 and 5 µg/ml showed swollen mitochondria (M) and condensed chromatin 

(ch).  Crl: control, E: etoposide, D: Doxy, M: Mino and C: COL-3. 

4.7 THE ROLE OF MITOCHONDRIA IN CELL DEATH INDUCED BY TCNAS  

4.7.1 Cytochrome C (cytC) and apoptosis inducing factor (AIF) 

In both cell lines the TCNAs induced cytC cytosolic translocation that was detected at 10 

min and 1 h after start of incubation with COL-3 and Doxy, respectively, while with Mino 

treatment the cytC release was observed at 6 h of incubation. The cytC cytosolic 

translocation then progressed in a time-dependent manner with marked positivity at 48 h 

after incubation start (Figure 10A, B and C). Among the studied TCNAs only COL-3 

induced tAIF (57 kDa) cytosolic translocation that was detected after 10 min of treatment 

with COL-3 in concentrations of 20 and 50 µg/ml and at 24 h with concentrations of 2.5 

and 5 µg/ml, in K562 cells. The pellet fractions remained positive for total AIF (67 kDa) 

until 4 h after incubation start. At 6 h following incubation, no AIF was detected in the cell 

pellet while the extracted nuclear proteins were positive for the tAIF with all tested COL-3 

concentrations (Figure 10D). 
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Figure 10: TCNAs induced cytochrome C and AIF release. Cytosolic translocation of cytochrome c (cytC) 

and apoptosis inducing factor (AIF) were assessed with WB. HL60 and K562 cells were incubated with Doxy 

or Mino in final concentrations of 2.5 - 50 µg/ml or COL-3 in final concentrations of 0.75 - 50 µg/ml for 10 

minutes to 48 h. Cells treated with DMSO (0.2% or 0.1%) served as controls for solvent toxicity and with 

etoposide (6 or 40 µg/ml) as positive controls for apoptosis. Cells incubated in complete medium were used as 

controls. Crl: control, D: Doxy, M: Mino, C: COL-3 and E: etoposide, COX IV: cytochrome C oxidase 

complex IV subunit II and mt: mitochondria enriched fraction.  

 

4.7.2 Mitochondrial membrane potential 

Loss of Δψm was observed as early as at 2 h after incubation of HL60 cells with COL-3 in 

all tested concentrations and Doxy and Mino at a concentration of 50 µg/ml (Figure 11A). 

In Doxy and Mino treated K562 cells, the loss of Δψm was first observed at 12 h with drug 

concentrations of 50 µg/ml (Figure 11B). The decrease in Δψm progressed in a 

concentration- and time-dependent manner in both cell lines. Pre-incubation of K562 cells 

with the PTP inhibitor BKA reduced the etoposide-induced loss of Δψm by about 50%. 

However, the same BKA concentration did not reduce the loss of Δψm induced by Doxy or 

Mino. In K562 cells, the treatment with COL-3 interfered with proper analysis of the Δψm 

status using TMRM mitochondrial probe since the COL-3 treated cells showed high 

fluorescence background. However, the analysis of HL60 cells was possible; thus, we 

cannot explain the failure of TMRM assay in COL-3 treated K562 cells. Three independent 

experiments were performed in HL60 cells and 7 experiments in K562.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: The loss of mitochondrial membrane potential (Δψm) induced by TCNAs. The Δψm was 

assessed using tetramethylrhodamine methyl ester (TMRM) and flow cytometry. The HL60 cells were treated 

with Doxy and Mino in final concentrations of 25 and 50 µg/ml and COL-3 in final concentrations of 0.5, 1, 

2.5 and 5 µg/ml until 24 h. The K562 cells were incubated with Doxy and Mino in concentrations of 10, 20 

and 50 µg/ml until 48 h. Cells treated with etoposide (40 µg/ml) were used as positive control for apoptosis. 

Cells incubated in 0.2% DMSO were used as controls for solvent toxicity and cells incubated in complete 

medium as controls. Results are expressed as mean ± SD of three independent experiments. D: Doxy, M: 

Mino and C: COL-3. 

4.8 THE COL-3-INDUCED MITOCHONDRIAL ULTRASTRUCTURAL CHANGES 

Treatment of K562 cells with COL-3 at a concentration of 20 µg/ml induced immediate 

mitochondrial swelling that was observed as early as 1 min after start of incubation. The 

mitochondrial cristae were disintegrated into vesicular and tubular structures, while the 

mitochondrial membranes were intact. The mitochondrial swelling progressed over time. At 

30 min of incubation the cristae became completely disintegrated and the mitochondrial 

outer membrane showed mild perturbations. At 1h after incubation the damaged 

mitochondria were collapsed and incorporated into cytoplasmic phagosomes which became 

more prominent at 6 h after incubation. Some of the mitochondria acquired electron dense 

structure(s) in their matrix. As an indication of stress, the swollen mitochondria and ER 

became approximated at some positions in the cytoplasm. ER in this position showed mild 

dilation and ribosomal detachment. However, ER remote from mitochondria remained 
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normal as in the control. With further incubation the ER changes became more prominent 

(Figure 12A-E). Similarly, treatment with COL-3 at a concentration of 5 µg/ml induced the 

mitochondrial and ER molecular changes that were pronounced at 3 h after start of 

incubation (Figure 12F and G). Furthermore, mitochondrial ultrastructural morphology of 

both etoposide and alloxan treated cells were comparable to the controls.  
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Figure 12: The COL-3-induced mitochondrial ultrastructural changes.  K562 cells were treated with 

COL-3 at a final concentration of 20 µg/ml for 1, 10 and 30 min and 1, 3 and 6 h or with COL-3 at a final 

concentration of 5 µg/ml from 3 to 72 h. Cells incubated in 0.1% DMSO served as controls for solvent 

toxicity and cells incubated in complete medium served as controls. Ultrastructural morphology was assessed 

using TEM. Figures (A-E): High magnification electron microscopy showed the sequences of ultra-structural 

changes in the COL-3 treated cells from 1 min to  6 h. Control K562 cells showed elongated mitochondria 

(M) with normally arranged cristae, short segments of rough endoplasmic reticulum (closed head arrow), 

double nuclear membrane and finely dispersed chromatin (control and DMSO). Figure (A): 1 min after 

treatment start, the mitochondria (M) were swollen with disintegrated cristae. Some of them contained 

electron dense structure (black arrow head). Figures (A1 and A2): higher magnification (500 nm) of the 

mitochondrial membranes showed intact membrane integrity. Figures (B1 and B2): 10 min after start of 

incubation, the mitochondria and ER became more approximated. The ER in contact with the mitochondria 

were devoid of ribosomes, while those not in contact with the mitochondria were as normal as the control 

(closed head arrow). Figure (C): 1 h after start of incubation, the plasma membrane displayed early 

disruption (opened head arrows). Figure (D): 3 h after start of incubation, ER are dilated and devoid from 

ribosomes (white arrows). Figure (E1 and E2): 6 h after start of incubation; ER are dilated with dilated 

perinuclear cisternae (arrows and black arrow head), some of the mitochondria are ruptured (rM) and enclosed 

into autophagosomes that were detected at different cytoplasmic sites (white arrow head). Figures F and G: 

cells treated with COL-3 in a final concentration of 5 µg/ml. Figure (F):  3 h after start of incubation, the 

mitochondria are swollen with displaced cristae (M) and the ER are mildly dilated (closed head arrow). 
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Figure (G): 6 h after start of incubation, the mitochondria (M) are extensively swollen with ruptured outer 

membrane. The ER are dilated and devoid of ribosomes. The ER membrane is disintegrated (ER) and 

connected to the dilated perinuclear cisternae (white arrow head). DMSO: cells incubated in DMSO; Control: 

cells incubated in complete medium. The figure represented results of two independent experiments for the 

incubation times between 1min -3 h and one experiment for longer incubation time. 

4.9 TCNAs EFFECTS ON THE BCL-2 FAMILY MOLECULES 

TCNAs inhibited the antiapoptotic Bcl-2 and Bcl-xL molecules. The 23 kDa Bcl-2 

fragment was detected at 6 h after incubation with COL-3 and 24 h with Doxy and Mino in 

HL60 cells (Figure 13). In the K562 cell line, the incubation with Doxy or Mino reduced 

the expression levels of the full-length Bcl-xL protein band (26 kDa) at 24 h of incubation. 

Further incubation resulted in disappearance of the protein band at 48 h in Doxy treated 

cells. No cleavage fragments were detected. Treatment with COL-3 did not affect the Bcl-

xL protein band integrity up to 24h after start of incubation (Figure 13A). The BID and Bax 

active fragments of 18 kDa and 16 kDa were detected at 24 h and 48 h, respectively, after 

the start of incubation (Figure 13B and C). Thus, the early TCNAs-induced cytC release 

was not primarily dependent on the studied Bcl-2 family proteins.  
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Figure 13: TCNAs effect on the Bcl-2 family proteins. K562 Cells were incubated with  Doxy, Mino or 

COL3  in final concentrations of 10, 20  or 50 µg/ml. HL60 cells were incubated with Doxy or Mino in final 

concentrations of  2.5, 10 or 25 µg/ml or with COL-3 in final concentrations of 0.75, 1 or 5µg/ml for up to 

48h. Cells incubated with etoposide in a final concentration of 40 µg/ml served as control for apoptosis, cells 

incubated in DMSO in final concentrations of 0.1 % or 0.2 % served as controls for solvent toxicity and cells 

incubated in complete medium served as control. The protein expression pattern of Bcl-2, Bcl-xL, Bax and 

BID were assessed using SDS-PAGE and WB. β-actin was used a control of protein loading. Crl: control, D: 

Doxy, M: Mino, E: etoposide and mt :  mitochondria enriched fraction. 

4.10 TCNAs-INDUCED POST-TRANSLATIONAL MODIFICATION OF THE BCL-
XL MOLECULE AND THE ROLE OF NA+-H+ EXCHANGER 1 (NHE-1) 

The decrease of the Bcl-xL protein band could be a consequence of phosphorylation or 

deamidation of the molecule at specific protein residues. To study the type of modification 

induced by TCNAs, we used the monoclonal Bcl-xL antibody (54H6) that is specific to the 

residues around the asparagine 61 and which in higher SDS-PAGE gel concentrations 

enables detection of the Bcl-xL protein as two bands of 32/33 kDa and 30 kDa. Cells 

treated with etoposide or vinblastine were used as positive controls for Bcl-xL deamidation 

or Bcl-xL Ser 62 phosphorylation, respectively. TCNAs increased expression levels of the 

slowly migrating Bcl-xL (32/33 kDa) band at 6 h of incubation compared to the controls.  

Further incubation decreased the protein expression levels of the Bcl-xL that was in 

agreement with our previous observation (Figure 14A). The phosphorylation of the Bcl-xL 

molecule at the Ser 62 position was assessed using specific antibody (p-Bcl-xL Ser-62). 

TCNAs did not induce phosphorylation of Bcl-xL molecule at Serine 62 (Figure 14B) and 

thus, the Bcl-xL molecule is modified by early deamidation followed by decreased protein 

levels. 

TCNAs induced DNA DSB that at 6 h of incubation (Figure 9). The NHE-1 antiporter 

mediates the Bcl-xL deamidation in response to DNA damage. The effects of the TCNAs 

on the NHE-1 protein levels were assessed using WB. Doxy and Mino reduced the NHE-1 

protein levels at 24 h and further decreased at 48 h after start of incubation. Etoposide 
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treated cells showed initial increment of NHE-1 protein at 6 h after the start of treatment 

followed by incubation time-dependent reduction of the protein levels (Figure 14C). 

   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: The modifications induced by TCNAs on the Bcl-xL molecule and their effects on the NHE-

1. 

K562 cells were incubated with Doxy or Mino at a final concentration of 50 µg/ml for 6, 24 and 48 h. Cells 

treated with etoposide (40 µg/ml) or vinblastine (10 or 50 µg/ml) served as positive controls for Bcl-xL 

deamination or phosphorylation (Ser 62), respectively. Cells incubated in complete medium were used as 

controls. Bcl-xL and NHE-1 proteins were detected using SDS-PAGE and WB. (A): Bcl-xL clone 54H6; (B): 

p-Bcl-xL Ser-62; and (C): NHE-1. β-actin was used a control of protein loading. Crl: control; D: doxycycline; 

M: minocycline; E: etoposide; Vb: vinblastine. 

  

 

  



 

 49 

4.11 THE ROLE OF LYSOSOMES IN TCNAs-INDUCED BCL-XL AND BCR/ABL 
INHIBITION AS WELL AS CASPASE ACTIVATION 

The deamidation process enhances the lysosomal degradation of the affected molecule. The 

cells were incubated with the lysosomal inhibitor CQ at a final concentration of 25 or 50 

µg/ml prior treatments with Doxy or Mino for 48 h. Incubation with CQ restored the Bcl-

xL protein levels in the Doxy and Mino treated cells, while in the etoposide treated cells, 

the Bcl-xL molecule remained inhibited (Figure 15A). Concomitant treatment with CQ and 

Doxy or Mino inhibited the Doxy and Mino-induced caspase-3 activation (Figure 15B).   

Furthermore, treatment with TCNAs reduced the protein expression levels of the tyrosine 

kinases Bcr/Abl P210. Similarly, preincubation with CQ inhibited the reduction of the 

Bcr/Abl protein levels at 48 h after incubation start (Figure 15C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: The effect of lysosomal inhibitor chloroquine on TCNAs cytotoxicity. 

The K562 cells were preincubated for 1 h with CQ at a final concentration of 25 or 50 µM, then co-incubated 

with Doxy or Mino at a final concentration of 50 µg/ml for 24 and 48 h. Etoposide (40 µg/ml) served as 

controls for apoptosis and cells incubated in complete medium were used as controls. Protein expressions 

were assessed using SDS-PAGE and WB. (A): Bcl-xL; (B): caspase-3; and (C): Bcr/Abl detected with antibody 

against Bcr. β-actin was used a control of protein loading. D: doxycycline; M: minocycline; E: etoposide; CQ: 

chloroquine diphosphate.  
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4.12 ROS FORMATION DURING TREATMENT WITH TCNAs 

K562 cells were treated with Doxy or Mino at a final concentration of 50 µg/ml for 30 min 

and 1, 2, 4, 6, 12, 18, 24  and 48 h or with COL-3 at a final concentration of 20 µg/ml for 

1,10, 30 min and 1, 3 and 6 h. Cellular ROS levels were assessed with DCFH-DA.  No 

significant increase of ROS was observed in cells treated with TCNAs (data not shown).  

4.13 THE ROLE OF ER IN COL-3-INDUCED CELL DEATH 

COL-3 in final concentrations of 20 as well as 5 µg/ml mediates ER stress as early as 10 

min after start of incubation, and the features of ER stress progressed in an incubation-

dependent manner (Figure 12). We assessed the protein expression patterns of Grp94 and 

m-calpain using WB. Cells were incubated with COL-3 in final concentrations of 2.5, 5 and 

10 µg/ml for 6, 24, 48 and 72 h or at a concentration of 20 µg/ml for short intervals (10 

min, 1, 2, and 4 h) or long intervals (6, 24 and 48 h). Grp94 protein expression levels 

increased after COL-3 treatment in an incubation-time dependent manner (Figure 16A). 

Furthermore, m-calpain activation was confirmed by the presence of two cleavage products 

of 35 and 45 kDa that were detected at 10 min after start of incubation with COL-3 at a 

concentration of 20 µg/ml. Lower concentrations of COL-3 induced m-calpain cleavage at 

later time points (Figure 16B).  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 16: The role of ER in the COL-3-induced cell death. Cells were treated with COL-3 in 

concentrations of 2.5 - 20 µg/ml for 10 min - 72 h. Cells incubated in 0.1% DMSO served as controls for 

solvent toxicity and cells incubated in complete media served as controls. The protein expression levels of 

Grp94 (A) and activation of m-calpain (B) were assessed using SDS-PAGE and WB. β-actin was used a 

control of protein loading. Crl: control, C: COL-3. 
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4.14 ROLE OF EXTRACELLULAR ION CONCENTRATIONS IN COL-3-INDUCED 
TOXICITY 

 

Incubation with COL-3 induced rapid changes of mitochondrial membrane as well as 

nuclear changes in the form of dilation of the nuclear membranes and chromatin 

condensation. To study the role of extracellular ions in COL-3-induced ultrastructural 

changes, cells were treated with COL-3 in four different buffers with different extracellular 

ions concentrations (Figure 17). Cells were exposed to COL-3 at a final concentration of 20 

µg/ml for 1min and 10 min. In the presence of high Na
+
 and low K

+
 along with absence of 

Ca
2+

 and Mg
2+

 (DPBS) in incubation buffer, the mitochondrial swelling (black arrow) 

became more prominent. Replacing the Na
+
 with K

+
 (KPBS) did not induce complete 

mitochondrial recovery. Furthermore, the absence of FBS (Media) did not affect the degree 

of mitochondrial swelling compared to treatment in complete medium. The nuclear 

membrane dilation was detected at 3 h after incubation with COL-3 (20 µg/ml) diluted in 

complete medium. However, treatment with COL-3 diluted in DPBS, KBPS or FBS free 

media induced nuclear membrane dilation as early as at 10 min after start of incubation.          

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Role of extracellular ions in COL-3 induced toxicity. Cells were treated with COL-3 at a final 

concentration of 20 µg/ml for 10 min. COL-3 was dissolved in four types of incubation buffers: DPBS 

without Ca2+ or Mg 2+, KPBS that was also devoid of Ca2+ and Mg2+ while the NaCl was replaced by KCl of 

the same molarity, complete medium and FBS free medium. The images presented the mitochondria (black 
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arrow) and the nuclear envelope (white arrow). Cells incubated in 0.1% DMSO in complete media, DPBS and 

KPBS did not show any cellular toxicity. The figure represented results of three independent experiments. 

 

4.15 CYCLOPHOSPHAMIDE CYTOTOXICITY IN HL60 CELLS AND ROLE OF 
CYP2J2 ENZYME IN CY BIOACTIVATION  

HL60 cells were treated with Cy in final concentrations ranging from 0.18 to 18 mM for 6, 

24, 48 and 72 h. In resazurin assay, Cy reduced HL60 cells viability in both a 

concentration- and a time-dependent pattern with an estimated IC50 of 3.6 mM (Figure 

18A). Cy concentration of 9 mM was used for further experiments. The Cyp2J2 inhibitor 

telmisartan was used to evaluate the role of the CYP2J2 enzyme in Cy activation. HL60 

cells were incubated with telmisartan in final concentrations of 2.5 to 80 µM for 48 h. 

Telmisartan in concentrations equal to 10 µM or less showed no cellular toxicity while 

higher concentrations reduced cell viability in a concentration- dependent manner (Figure 

18B). Concomitant treatment with telmisartan at a final concentration of 10 µM and Cy at a 

final concentration of 9 mM for 48 h reduced the formation of 4-OH-Cy by about 50% as 

well as improved HL60 survival by 10%. These findings imply that CYP2J2 inhibition by 

telmisartan reduces Cy bioactivation and thus enhances HL60 cell survival.  
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Figure 18: Cyclophosphamide cytotoxicity and role of CYP2J2 enzyme.   

HL60 cells were incubated with Cy in concentrations ranging from 0.18 to 18 mM for 6 - 72 h (A) or with 

telmisartan in final concentrations ranging from 2.5 to 80 µM for 48 h (B) or treated concomitantly with Cy at 

a final concentration of 9 mM and telmisartan in final concentrations of 2.5, 5 or 10 µM for 48 h (C). Cell 

viability was assessed using resazurin viability assay. Cells incubated with H2O2 or DMSO at a final 

concentration of 0.1% served as controls for solvent toxicity and cells incubated in complete medium were 

used as controls. Results are presented as mean ± SD of three independent experiments.  Crl: control, T: 

telmisartan, Cy: cyclophosphamide.   
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5 DISCUSSION 

Myeloid leukemia is a malignancy originating from myeloid progenitors. It is characterized by 

excessive proliferation, immortality and impaired differentiation of cells with subsequent 

accumulation of immature cells and reduced production of normal hematopoietic cells. AML is 

heterogeneous in biological and clinical features and may develop at any age with predominance in 

elderly male patients of 65 years or older [151].The clinical outcome of the disease treated with the 

conventional antineoplastic agents has improved during the last 30 years. This improvement is 

much attributable to development of the supportive treatment and patient care as well as after stem 

cell transplantation. However, over 50% of young adult patients and about 90% of old patients died 

from the leukemia or from complications. Refractoriness to the induction therapy and disease 

relapse or therapy related complications are the major obstacles to complete cure [152]. Therefore, 

new treatment modalities with mechanisms of action different from those of conventional 

chemotherapy are required. Clinical research is directed to investigation of new anticancer treatment 

with low toxicity either alone or in combination with current chemotherapy. 

TCNAs have been used for decades in the treatment of various infectious, inflammatory and 

autoimmune diseases [78, 92]. This long term clinical application has proved their safety and 

tolerability [153-156]. To the best of our knowledge, numerous studies in different cancer cell lines 

have confirmed the anticancer efficacy of TCNAs either by inhibiting tumor associated MMPs and 

invasiveness [80, 95, 98, 106, 107, 157] or by inducing apoptosis and other forms of cell death [79, 

82-84, 117].         

In this work, the TCNAs and cyclophosphamide cytotoxicity and some underlying mechanisms of 

action were assessed in HL60, Jurkat, K562 and KG1a cell lines. These cell lines represented 

different leukemia subtypes; HL60 cells are categorized as FAB-M2 myeloid blast [158], Jurkat 

cells are T-cell lymphoblast [159], K562 cells are CML cell lines with features of erythroleukemia 

[160, 161], while the AML KG1a cells are considered to be leukemic stem cells that show 

promyeloblast morphology [162, 163]. At 24 h of incubation, TCNAs reduced the viability of 

leukemic cell lines in a concentration-dependent manner. The estimated IC50ies varied among the 

studied cell lines (Table 5). The HL60 and Jurkat cells were more sensitive than the K562 cells, 

while the KG1a cells were most resistant to the toxicity induced by TCNAs (Table 5). The 

estimated IC50ies for Doxy in both HL60 and Jurkat cells were in agreement with the previous 

reports in these two cell lines (8 and 10 µg/ml, respectively) [87, 115,]. The IC50 found in this thesis 

for K562 was higher than the IC50 reported in other cell lines [82, 164, 165]. The differences may be 

attributed to the difference in the viability assays used in the studies and the duration of treatment. 

Furthermore, K562 cells are known to be more resistant to chemotherapy induced-apoptosis than 

other cell lines due to the expression of the Bcr/Abl tyrosine kinase [166, 167]. The IC50ies of Mino 

in K562 and Jurkat cells were comparable to those found in a previous study in epithelial ovarian 

cancer cells (27 µg/ml) [116]. Interestingly, the HL60 cells were more sensitive to Mino-induced 

toxicity than other studied cell lines. Similarly, Mino exerted a profound growth inhibitory effect in 

prostate cancer cell lines (2.6 – 3.1 µg/ml) that might be attributed to Mino-induced inhibition of 

retinoic acid degradation [168, 169]. COL-3 exerted the most potent inhibitory effects in the studied 

cell lines; however, KG1a showed moderate sensitivity. The reported COL-3 IC50 varied depending 

on the studied cell lines: 2.3 - 6.7 µg/ml (prostate cancer cell lines) [118], 7 µg/ml and 20 µg/ml in 

sensitive and resistant HL60 cells respectively [87], and up to 46 µg/ml in breast cancer cells [120]. 

The HL60 and K562 cells were selected for further studies on the underlying mechanisms of anti-

leukemic effects induced by TCNAs.  
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In HL60 cells, TCNAs induced cell death morphology and molecular characteristics consistent with 

apoptosis. In K562 cells, the morphology was equivocal and cells with features compatible with 

apoptosis and necrosis were found. However, the annexin V/ PI staining and flow cytometry 

analysis was consistent with apoptosis in cells treated with Doxy and Mino and thus, primary 

necrosis was not confirmed by flow cytometry. COL-3-induced cell death showed features of early 

apoptosis (cell shrinkage with condensed nuclei) that quickly progressed to secondary necrosis. 

These early apoptotic cells were characterized by cytoplasmic vacuolation and early disruption of 

cell membrane integrity detected by flow cytometry. COL-3-induced morphological changes were 

observed in concentrations as low as a quarter of the IC50. The apoptotic morphology and caspase 

activation were reversed by the pancaspase inhibitor Z-VAD-FMK in TCNAs treated HL60 cells. In 

K562 cells treated with Doxy and Mino only limited effect of Z-VAD-FMK was observed. The 

treatment with Z-VAD-FMK reduced the cells with apoptosis-like morphology; however, a slight 

shift towards necrotic morphology was observed. This fraction of the Doxy and Mino treated cells 

were also not reduced by pretreatment with the RIP-1 kinase inhibitor necrostatin-1. Caspase 

activation played no role in the COL-3-induced cell death, but m-calpain activation was observed. 

Moreover, pretreatment of the K562 cells with necrostatin-1 partially (10%) improved the survival 

of the COL-3 treated cells. Published studies on apoptosis in solid cancer cell lines induced by 

TCNAs reported that cell death was operated in both a caspase-dependent and a caspase-

independent manner, and was associated with calpain activation [85,119]. Time course of caspase 

activation implied the essential role of caspase-9 and caspase-2 in initiating apoptosis response in 

HL60 and K562 cells, respectively. In HL60 cells, DNA damage precedes the cytC release as well 

as caspase-9 activation in both Doxy and Mino, while with COL-3 treatment cytC translocation and 

mitochondrial response were detected earlier than the DNA damage. Furthermore, Bcl-2 inhibition 

is expected to be the primary mediator of cytC release [170]. In our study, Bcl-2 cleavage was 

confirmed by detection of the cleavage band as early as at 6 h of incubation with all COL-3 

concentrations while Bcl-2 inhibition had no role in Doxy and Mino mediated cytC release. 

Moreover, the drop in Δψm started earlier with COL-3 treatment than with Doxy and Mino. 

Similarly, the early caspase-2 activation in Doxy and Mino treated K562 cells was attributed to the 

DNA damage [171], while the mitochondrial response in the form of cytC release and loss of Δψm 

were secondary to caspase activation [172, 173]. The profound role of mitochondria in COL-3-

induced cell death is declared by very early mitochondrial swelling, cytosolic translocations of cytC 

as well as cytosolic and nuclear translocation of tAIF. The mitochondrial response was observed 

with COL-3 at both higher and lower concentrations. The mitochondrial swelling as well as release 

of mitochondrial mediator of cell death indicated a state of mitochondrial permeability transition 

(MPT). The phenomenon of MPT consists of mitochondrial swelling, loss of MOM integrity (both 

were confirmed by TEM) as well as loss of Δψm. The Δψm was assessed using the TMRM probe 

and flow cytometry. However, the intracellular incorporated COL-3 molecule emits fluorescence 

that interfered with analysis; therefore, we were unable to confirm the loss of Δψm in flow 

cytometry. Even so, the release of cytC and tAIF implicate opening of the permeability transition 

pore (PTP) that is also an important contributor in loss of Δψm [174]. Furthermore, the PARP-1 

activity and adenine nucleotide depletion as well as PAR accumulation contribute to the MPT and 

loss of Δψm [132, 175, 176,]. The COL-3 mediated DNA damage was not attributed to the ROS 

formation. These results were also confirmed by comet assay. The mitochondrial swelling was an 

immediate response to treatment with COL-3 followed by the DNA damage that was detected about 

the same time as translocation of tAIF. Moreover, an intact PARP-1 protein level was observed up 

to 48 h after incubation. Therefore, the COL-3-induced DNA damage is mediated by tAIF nuclear 
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translocation [177] and increased PARP-1 activity [178, 179]. The Doxy and Mino mediated DNA 

damage was not due to ROS formation or tAIF nuclear transformation. Accordingly, DNA damage 

is most likely due to direct interaction between the TCNAs and the DNA molecule that was 

addressed in several published studies [180-182]. Thus, the COL-3 induced cell death is mediated 

by the mitochondria while the nucleus is the main target of Doxy- and Mino-induced apoptosis in 

both cell lines. 

Loss of Δψm makes apoptosis an inevitable event. The Bcl-xL is a guardian that resides on both 

outer and inner mitochondrial membranes to prohibit cytC release as well as membrane 

permeabilization, and it stabilizes Δψm and maintains ATP production [183]. The Doxy- and Mino- 

induced irreversible reduction in Bcl-xL protein levels was shown to be due to post-translational 

modification around asparagine 61. The Bcl-xL molecule is prone to two possible modifications; 

phosphorylation at serine 62 or serine 14 positions [184, 185] and deamidation at asparagine 52 or 

66 positions [186]. Either one of these modifications is reported to induce complete loss of Bcl-xL 

antiapoptotic effects [187, 188]. Doxy and Mino treatment did not induce serine 62 

phosphorylation. Other possible phosphorylation sites were excluded by an in vitro de-

phosphorylation assay utilizing a λ phosphatase enzyme that was also supported by previous reports 

[184, 188]. The cellular Bcl-xL level is controlled by deamidation in normal conditions. The rate of 

Bcl-xL deamidation increases in response to DNA damage or oxidative stress [187], a process that 

reduces the Bcl-xL antiapoptotic activity by directing the molecule for degradation. In the presence 

of DNA damage, a clear correlation was reported between elevated Bcl-xL deamidation and the 

reduction of the total Bcl-xL molecule level. The degradation of deamidated Bcl-xL is partially 

mediated by calpain and caspase activity [189]. Doxy and Mino treatment induced in our study a 

reduction in the total Bcl-xL molecule (26 kDa) as well as DNA damage at 6 h after incubation. The 

DNA damage-induced Bcl-xL deamidation has been shown to be mediated by increased NHE-1 

protein expression levels and intracellular alkalinization [190]. In this study, the NHE-1 protein 

level corresponded to that of the control at 6 h after treatment with Doxy and Mino, and was then 

followed by reduction of the protein levels with further incubation. The inhibition of the NHE-1 

mediated Bcl-xL deamidation pathway is attributed to the expression of the Bcr/Abl molecule in the 

myeloid leukemia cell line and primary tumor cells [191]. Doxy and Mino induced a slight 

reduction in the Bcr/Abl protein level at 24 h that became prominent at 48 h after incubation. Thus 

the observed reduction of the Bcr/Abl protein level did not restore the NHE-1 activity. The 

oxidative stress conditions provoke Bcl-xL deamidation independent of the NHE-1 activity. 

Furthermore, the exposure to high ROS levels reduces the NHE-1 activity and protein expression 

level as well as the inability to alleviate the increased cellular acidity [192, 193]. However, 

compared to the non-treated controls, no significant increase in the intracellular ROS level was 

detected in K562 cells. Altogether, we conclude that Doxy and Mino induced Bcl-xL modifications 

that were consistent with deamidation and reduction of the molecule protein level due to enhanced 

degradation.  

Several observations emphasized the essential role of lysosomes and lysosomal enzymes in the Bcl-

xL inhibition as well as the Doxy and Mino-induced cell death. Lysosomes contribute to apoptosis 

as well as to necrosis through LMP [194]. LMP facilitates release of lysosomal enzymes as well as 

protons that reduce the cytoplasmic pH (pHi) and facilitate caspase activity [195]. The pHi was not 

assessed in this work; however, the observed reduction in the NHE-1 protein level might indicate 

intracellular acidification [193] already before caspase-3 activation [196]. Furthermore, inhibition 

of the lysosomal enzymes stabilized the protein levels of both Bcl-xL and Bcr/Abl and prohibited 

caspase-3 activation.  
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The lysosomal pH is 4.3 ± 0.3 [195]. The dissociation constants for Doxy (pKa) are 3.5, 7.7 and 9.5 

and those for Mino are 2.8, 5.0, 7.8 and 9.3 [192]. Doxy and Mino have isoelectric points of 5.0 and 

6.4, respectively [197, 198]. Accordingly, lysosomes are potential cellular targets for Doxy and 

Mino as was suggested previously [199, 200]. 

In addition to the role of lysosomes and mitochondria in the cytotoxicity induced by TCNAs in our 

study, the TEM analysis further illustrated the important role of the ER and possible contribution of 

Ca
2+

 mobilization in TCNAs and in particular in COL-3 induced cell death. The COL-3 induced 

MPT in our cell model is speculated to be mediated by mitochondrial Ca
2+

 overload as has been 

reported by other authors [201, 202]. Our hypothesis is supported by the following observations:  

Firstly, m-calpain activation was observed early after start of treatment. The cleavage products are 

two fragments of 35 and 45 kDa that may imply the site of its activation. In the cytoplasm, the intact 

m-calpain is about 80 kDa and its activation results in truncated products of 78-76 kDa [203] or 58 

kDa [204]. On the other hand, the mitochondrial m-calpain is about 76 kDa, and is autolyzed to a 40 

kDa fragment upon activation [205]. Thus, the fragments we detected most likely originated from 

the mitochondrial m-calpain. Secondly, the existence of several contact sites between ER and 

mitochondria as we observed in the TEM analysis might be associated with increased mitochondrial 

Ca
2+

 uptake as reported previously [206]. Thirdly, the electron dense structures in the mitochondrial 

matrix observed early in the course probably correspond to calcium precipitates. Similar structures 

in the mitochondria have been shown to be the result of calcium accumulation [207].  

The ionophoric as well as ion chelating capabilities of COL-3 have been proven [99]. Lack of Ca
2+

 

in the incubation buffer did not reverse the COL-3-induced MPT in our study, but the electron 

dense structures were not found in the mitochondrial matrix. The Ca
2+

 ions are stored in the ER and 

their release is tightly controlled. Shortly after incubation start, ultrastructural changes of ER in the 

form of ribosomal detachment and ER dilation were mostly observed in ER segments located in 

close proximity to mitochondria, and they became prominent by 3 h after incubation independent on 

the COL-3 concentration. These ER membrane changes then connected to the nuclear membrane 

and resulted in dilation of the perinuclear cristae and disintegration of the nuclear pore complex, an 

effect that was not reversed by Ca
2+

 depletion in the incubation buffer. COL-3 induced 

overexpression of the GRP94 protein levels, which was incubation time dependent with any tested 

COL-3 concentration. The ER dilatation and Grp94 protein overexpression were reported to be 

associated with ER Ca
2+

 release [208, 209]. 

Altogether, our studies have shown the potential antileukemic effects of TCNAs that were triggered 

by DNA damage and controlled by the mitochondria with important contribution of both lysosomes 

and ER.   

An important issue is if the exposure of the cells in vitro can be reached in vivo. The plasma 

concentrations of COL-3 were studied in humans in phase I clinical trials. COL-3 was administered 

orally in doses ranging from 36 to 98 mg/m
2
/day. The plasma steady state concentrations varied 

from 8.24 ± 3.78 to 10.95 ± 1.34 µg/ml [210]. Apart from KG1a cells, these concentrations are 

comparable to the estimated IC50 in K562 cells in our study and about fivefold higher than the 

estimated IC50ies of both HL60 and Jurkat cells. In phase II clinical trials, COL-3 showed efficacy 

and was well tolerated when administered at a dose of 50 mg/day [211]. COL-3 is highly lipophilic 

and showed high protein affinity (94.8 %). COL-3 has a large volume of distribution and long half-

life (59.8 h) that facilitates extensive peripheral tissue distribution with increased tissue binding 

affinity. Additionally, COL-3 is mainly metabolized in the liver by a pathway independent of 

CYP450 enzymes [212]. In animal studies, COL-3 distribution in tissues was in the following order: 

muscle, skin, bone then brain, while COL-3 was found mostly in the GIT followed by heart, testes 
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and lung. The lowest COL-3 tissue affinity was for spleen, liver and kidney [213]. Doxy and Mino 

are also lipophilic drugs with a half-life of 26.1 and 12.9 h, respectively, and protein binding of 93 

and 76% that permit large volume of tissue distribution. Doxy and Mino are reported to have good 

tolerability and limited side effects [155]. A single oral dose of 200 mg was associated with AUCs 

ranging from 40 to 123 mg.h/L (Doxy) and from 43 to 47 mg.h/L (Mino) as well as Cmax range of 

2.6-5.9 mg/L and 3-3.6 mg/L for both Doxy and Mino, respectively [214]. A phase II study utilizing 

Doxy at 300 mg twice a day, in combination with interferon α, showed limited efficacy in treatment 

of advanced renal cell carcinoma as a result of therapy related complications [215]. Nevertheless, a 

maximum dose of 600 mg/day (5 days) was reported for acute gonorrheal infection and 300 mg/day 

for other infections. Furthermore, both Mino and Doxy at a dose 200 mg/day were used for 

treatment of rosacea and showed high efficacy and limited side effects and resistance [155, 216]. 

Doxy and Mino have generally higher tissue than plasma concentrations with great propensity 

towards exchange between blood and tissues. The higher concentrations of Doxy are detected in 

liver, kidneys, GIT, lung tissues as well as skin. Mino tissue penetration is better than Doxy due to 

relative higher lipophilicity; the drug is accumulated mainly in the liver, gall bladder, brain and 

CSF, lungs, prostate tissue as well as skin [217, 218]. Doxy is eliminated mostly unchanged with no 

significant metabolism while 6 metabolites of Mino have been reported, some of them with 

antibacterial activity [214]. Mino is excreted in the urine where the molecule is subjected to 

hydroxylation and N-methylation in the urinary bladder [219]. Engagement of liver enzymes and 

importantly CYP450 in the metabolism of studied TCNAs has not been found. Accordingly, drug 

chemotherapy based on a combination of both TCNAs and cyclophosphamide might be beneficial 

in cancer treatment without affecting Cy metabolism. In this context, we assessed the cytotoxicity 

of Cy in the HL60 cells reported by our group previously. Since Cy is a prodrug, the mechanisms of 

Cy in vitro cytotoxicity in HL60 cells that do not express the main CYPs 2B6 and 3A4 responsible 

for activation of Cy was unclear [220]. The HL60 cells were incubated with different Cy 

concentrations and cytotoxic effects and reduced HL60 cell viability with an estimated IC50 of 3.6 

mM were observed. HL60 expressed CYP2J2 [60] and CYP1B1 [221]. CYP1B1 is involved in Cy 

metabolism that mediates Cy inactivation [222]. CYP2J2 and CYP3A4 share similar substrates [59] 

which may imply a potential role of CYP2J2 in Cy metabolism. The CYP2J2 inhibitor telmisartan 

improved viability of Cy treated HL60 cells in vitro, which corroborates the role of CYP2J2 in Cy 

activation. We corroborated these results by incubation of Cy with CYP2J2 microsomes. No 

correlation to NADPH-cytochrome P450 oxidoreductase (POR) enzyme levels was found. Thus, 

Cy-induced toxicity on HL60 cells is due to intracellular drug activation.  

The effect of Doxy and Mino in Cy toxicity was studied in animal models for solid tumors and cell 

lines. In the animals harboring Lewis lung carcinoma, the combination of Mino and Cy enhanced 

the Cy anticancer effects and reduced the cancer cell metastasis as well as improved long term 

animal survival by 50% [223, 224]. Doxy treatment in combination with Cy reduced the tumor size 

as well as Cy IC50 by 75% in a breast cancer animal model and MCF-7 cells, respectively [225]. 

Since HL60 expresses CYP2J2 and thus, metabolizes Cy, experiments on the effect of a 

combination treatment with Cy and TCNAs are warranted.      
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6 CONCLUSIONS 

In the present work, the potential antileukemic effect of TCNAs and underlying mechanisms 

of action were studied in leukemic cell lines. The mechanisms underlying Cy intracellular 

activation in vitro was also studied in HL60 cells.  

 TCNAs reduced the viability of four leukemic cell lines representing the different 

types of leukemia. 

 In the AML HL60 cell line , TCNAs induced apoptosis via mitochondria-mediated 

and caspase-dependent pathways. COL-3 exerted the strongest anti-proliferative and 

pro-apoptotic effect. The estimated IC50ies as well as the effective concentrations of 

TCNAs were within the range of clinically achievable concentrations that might 

imply therapeutic potential for use of TCNAs in treatment of leukemia.   

 In the CML K562 cell line, doxycycline and minocycline induced cell death that was 

mediated by nuclear DNA damage, increased lysosomal activity, Bcl-xL deamidation 

and activation of mitochondrial apoptotic pathways as well as dependent on caspase 

activity.  

 COL-3 affected the CML K562 cells by targeting the mitochondria and the nuclear 

DNA in a concentration-dependent manner. COL-3 in concentrations above IC50 

affected mitochondria and DNA concomitantly, whereas COL-3 at lower 

concentrations primarily affected the mitochondria. The COL-3-induced cell death 

was independent of caspase activity, Bcl-xL and intact p53. 

 Cy’s in vitro activation in HL60 cells was catalyzed by CYP2J2 as confirmed by 

reduction of Cy metabolism and Cy-induced cytotoxicity  by telmisartan, a selective 

inhibitor of the CYP2J2 enzyme. The role of CYP2J2 in Cy metabolism was further 

confirmed by incubation with recombinant CYP2J2 enzymes in vitro. Additionally, 

the CYP2J2 gene is highly expressed in patients with hematological malignancies. 
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7 FUTURE STUDIES 

I. To investigate the mechanisms of tigecycline cytotoxicity in KG1a and K562 

cells.     

Cancer Stem Cells (CSCs) represent a small population of the cancer cells with stem cell 

properties including self-renewal, resisting anoikis and clonal expansion. Additionally, CSCs 

are found to be strictly dependent on mitochondria for their self-dependent growth. Since 

CSCs are resistant to chemotherapy, they conserve long term tumor growth and provoke 

relapse. Tigecycline is a tetracycline analogue that belongs to the glycylcycline class. 

Tigecycline has potent antileukemic effects that are mediated by inhibition of mitochondrial 

biogenesis.  

We want to investigate tigecycline cytotoxicity in leukemic cell lines and the mechanisms of 

tigecycline action. 

Preliminary results 

HL60, Jurkat, K562 and KG1a are leukemic cell lines that represent different stages of 

maturation and sensitivity to chemotherapy. Cells were incubated with tigecycline and 

viability assessed with resazurin assay with IC50 concentrations of 12.8, 13.3, 10.4 and 18.56 

µg/ml, respectively. Morphological characteristics of apoptosis were identified only in Jurkat 

and HL60 cells using MGG staining. Caspase-3 activity was assessed with ELISA assay. 

Caspase-3 activation was found in Jurkat and HL60 cells, while no increase in caspase-3 

activity was observed in K562 or KG1a cells. 

 

II. To study the anti-leukemic effects of TCNAs in combination with 

Cyclophosphamide.  

 

III. To study the effects of TCNAs in combination with TKI in treatment strategies   
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